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FOREWORD 

The SI^ systems dcnnition study was initiated in December 1976. Part I was completed on May I, 
1977. Part 1 included a principal analysis effort to evaluate SPS energy conversion options and space 
construction locations. A transportation add-on task provided for further analysis of transportation 
options, operations, and costs. 

The study was managed by the Lyndon B. Johnson Space Center (JSC) of the National Aeronautics 
and Space Administration (NASA). The Contracting Officer's Representative (COR) was Clarke 
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Effects 
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Environment 
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Photovoltaic Systems 
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The Boeing study manager was Gordon Woodcock. 

Boeing technical leaders were ; 

Vince Caluori 
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Jack Gewin 

Power Distribution 

Dan Gregory 
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Don Grim 

Electric Propulsion 

Eldon Davis 
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Keith Miller 

Human Factors and 

Dr. Joe Gauger 

Cost 


Construction Operations 

Bob Conrad 

Mass Properties 

Jack Olson 

Configuration Design 
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The Part I Report includes a total of five volumes: 


Vol. I 
Vol. II 
Vol. Ill 
Vol. IV 
Vol. V 


DI80-20689-I 
D 1 80-20689-2 
D 1 80-20689-3 
D 180-20689-4 
D 180-20689-5 


Executive Summary 

System Requirements and Energy Conversion Options 
Construction, Transportation, and Cost Analyses 
SPS Transportation System Requirements 
SPS Transportation: Representative System Descriptions 


Requests for information should be directed to Gordon R. Woodcock of the Boeing Aerospace 
Company in Seattle or Clarke Covington of the Future Programs Division of the Johnson Space 
Center in Houston. 
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2.0 POINT-OF-DEPARTURE CONFIGURATIONS 
The point-of-departure data came from four primary sources 

(1) A silicon photovoltaic SPS from JSC report 1 1568 (the “green book”). 

(2) A Brayton thermal engine configuration from the Space-Based Power study. (Contract NAS8- 
31628). Boeing final report D180-20309-2. 

(3) Earth-to-Orbit transportation systems from the Heavy Lift Launch Vehicle study, contract 
NAS8-32169, Boeing final report D180-20505-2. 

(4) Orbit-to-orbit transportation systems from the Future Space Transportation Systems Analysis 
Study, contract NAS9-14323. Boeing final report D180-20242 (4 volumes). 

The SPS systems were re-sized in order that they be normalized to JSC microwave power transmis- 
sion system efficiencies. Mass properties data for the initial configurations were not normalized, 
e.g.. the JSC configuration included 50'7c mass growth whereas the Brayton system included none. 
Mass properties data were normalized during the course of the study. 

2.1 SILICON PHOTOVOLTAIC SPS 

The silicon photovoltaic confieuraton adapted from the JSC study is shown in Figure 2.1 . This con- 
figuration employs a geometric concentration ratio of 2 (total projected area of solar collection is 
twice that of the photovoltaic blankets), using v-ridge aluminized Kapton plastic film reflectors, and 
is sized to provide a total of 10,000 megawatts of electric power at the output of the two receiving 
antennas on Earth. This configuration employed estimating factors for solar blanket performance 
and mass properties from the JSC reference data. .\ mass properties summary for this configuration 
is provided in Table 2-1 . 

2.2 SOLAR BRAYTON CYCLE 

The Brayton cycle turbomachine provides a rotating shaft output which dri\es the generators. Sun- 
light is highly concentrated by a dish-shaped reflective concentrator to provide temperatures high 
enough to drive the thermal engine. Thermal energy is added to the helium working fluid in heat 
e.xchanger tubing located within the cavity absorber. The hot gas is expanded through the turbine, 
providing power to turn both the compressor and generator. The recuperator exchanges energy 
across the loop to increase the system efficiency. Waste heat is rejected through a gas-to-liquid heat 
exchanger to a liquid metal cooling loop; the liquid metal pumps use power drawn from the 
generators. 
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• Silicon at CR * 2 

• Nominal truss configuration with tj ~ .060 

• Orientation P.O.P. 



h-1 KM 


-.56 KM 






ANTENNA (2) 
1-KM DIAMETER 



Figure 2-1. Photovoltaic Reference Configuration 
Table 2-1 . Photovoltaic Reference Conf^ration 


Component 

Weight in metric tons 
(kg/1.000) 

Remarks 

1.0 Solar energy collection system 

(36,616) 

128.73 km^ with tj ~ .060 

1.1 Primary structure 

2,493 

~ to array area 

1.2 Secondary structure 

189 

~ to array area 

1.3 Mechanical systems 

40 

No change 

1.4 Maintenance station 

85 

No change (1,000 m^ enclosed volume) 

1.S Control 

yo 

200 MT dry weight + 1-yr prop 

1.6 Instrumentation/ 

4 

No change 

communications 



1.7 Solar-cell blankets 

25,746 

.4 kg/m^ 

1.8 Solar concentrators 

5,149 

.04 kg/m^ 

1.9 Power distribution 

2,570 

to 3/2 power of area 

2.0 MPTS 

15,371 


Subtotal 

51,987 


Growth 

25,994 

50% 

Total 

77,981 
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The 10.000 volt ac output of the generators is stepped-up to 382,000 volts in transformers; this 
high voltage facilitates on-board distribution. Step-down occurs in the rotary transformers. Figure 
2-2 diagrams the cycle. Figure 2-3 shows the size-normalized SPS configuration and Table 2-2 pro- 
vides the point-of-departure mass statement. 

The radiator system for the baseline Brayton SPS is composed of water heat pipe panels fed by a 
NaK manifold system. Since the satellite is divided into four modules, the radiator area is divided 
into four sections. Each s.ction cools 1 6 Brayton turbomachine sets. The radiator system for a 
single engine is made up of 184 panels each lOM x 20M. These panels each have four connections 
which require welds; the manifold sections also require welds. The basic flow diagram of a radiator 
section is shown in Figure 2-4. 

The panel size of lOM x 20M is set by the assumed capability of the heavy lift launch vehicle. Each 
panel has four 20 cm diameter “throughpipc ” stubs extending outward 30 cm. These require weld- 
ing; they can also be used to hold the panel. lOM lengths of single tapered header are launched pre- 
welded to one quarter of the panels, one quarter of the panels have no headers preattached. 

The header/ panel assembly takes place on a framework having no gaps larger than lOOM. The head- 
ers are attached to this frame with swinging links to allow expansion ^contraction in the system. 

All radiator tubes are stainless steel. The heat pipe panels come preloadeJ with water. The mani- 
folds and headers must be filled with NaK after all welds are completed. 


3 



/ 1 N 


D 1 80-20689-2 



/IW 


WASTE 

heat 


Figure 2-2. Solar Drayton Cycle 


SfS-14 



CONCENTRATION 
RATIO 2.260 

OVERALL 

EFFICIENCY 12.2% 

TOTAL AREA 60.93 KM2 

TURBINE INLET 
TEMPERATURE 1.652°K 



Figure 2-3. 


Thermal Engine Reference Configuration 
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Table 2-2. Bfayton SPS Mass Statement 



Weight in metric 
tons (kg/1,000) 

Solar concentrators 


Facets 

4,310 

Structure 

10,460 


14,770 

Conductive spine 

1,180 

Cavity absorber: 


Tubing 

3,850 

Insulation/skin/frame 

1,270 

Turbomachines 

2,120 

Recuperators/cooiers 

6,250 

Generators, with cooling 

4,420 

Step-up transformer with cooling 

2,070 

Rotary transformer with cooling 

2,630 

Rectifier/filter, with cooling 

6,110 

Radiators with pumps 

42,550 

Attitude control, stationkeeping 

1,550 

MPTS 

15,371 

Total* 

102,591 
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Figure 2-4. Radiator Schematic 
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2.3 TRANSPORTATION 

Point-of-departure transportation systems included Earth-to-orbit and orbit-to-orbit systems. 

2.3.1 Earth-to-Orbit Systems 

2.3.1. 1 Heavy Lift Launch Vehicle 

A class 4 ballistic recoverable two stage configuration was selected as the point-of-departure vehicle. 

The vehicle consists of two fully recoverable ballistic stages and a non-recoverable payload shroud. 
The configuration of the vehicle is shown in Figure 2-5 and includes two optional shroud sizes. The 
longer shroud would handle low density 20 kg/m^ (about 1 Ib/ft-^) payloads, the shorter 100 
kg/m-^. For reference, the low density shroud is about the overall length of the first two stages of 
Saturn V and 1.66 times the diameter. The payload is cantilevered from the forward face of the 
second stage and the shroud protects the payload during boost. The vehicle's payload capability to 
270 nm orbit is 272 000 kg (599,000 lb). 

First Stage Design-The LOX/RP-1 first stage of the vehicle is a sea landing ballistic entry stage. The 
stage is conical in shape to facilitate installation of the engines and their closure doors, to provide a 
low entry velocity and good stability in the sea. Nine gas generator cycle LOX/RP-1 engines of a 
new design with a thrust of 20.7 .x 10^ N each, power the first stage. The LOX and RP-1 tanks pro- 
vide both propellant containment and ullage space. Pressurization gas is heated GOX for the LOX 
tank and heated helium for the RP-1 tank. Helium is stored m aluminum tanks within the LOX 
tank. Three SSME's (e=20) are installed to provide terminal deceleration prior to a sea landing. 

Second Stage Design-The second stage configuration is dictated by aerodynamic balance require- 
ments at entry. Seven SSME’s provide the main propulsion resulting in a T/W of approximately 0.9 
at ignition. Two RL-10 engines provide on-orbit maneuvering and de-orbit thrust. The stage is 
deorbited by the RL-10 engines and enters ballistically. Drogue deployed parachutes provide initial 
deceleration and ballutes are used to pitch the stage over for landing "engines first” on deployed 
legs. Two SSME's provide final braking just before touchdown on land. 

2.3.1 .2 Crew Transportation Vehicle 

The crew transportation vehicle, a liquid booster growth version of the shuttle, was adopted from 
the FSTS.A study. The Space Shuttle Growth concept represe:.,^ a direct evolution of the current 
system into an improved version which increases the payload capability to approximately 47 600 kg 
(105,000 lb) ami lowers the operational cost. A representative candidate, shown in Figure 2-6, 
replaces the SRB’s with a liquid propellant recoverable booster and was selected for use in this 
study. This configuration is a tandem arrangement, scries burn vehicle with a ballistically recover- 
able first stage. The External Tank propellant load of 705 000 kg ( 1,550,000 lb) has been retained 
for the series burn ascent mode. 


7 
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STAGE 2 





10® Kq 

10® LB 

GLOW 

6.485 

14.300 

BLOW 

4.405 

9.714 

ULOW 

1.808 

3.987 

PAYLOAD 

0.272 

0.599 


T “ 8,780,000 N (S L.) EACH 
(1,970,000 LB> 


Figure 2-5. IILLV-Two Stage Configuration 



74.4 tn (244 FT) 
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PAYLOAD 
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0.705 

0.050 

5.896 

3.972 

3.50 

1.924 

1.550 

0.110 


Figure 2-6. Shuttle Growth Configuration 
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The LO 2 /RP-I ballistic recoverable booster incorporates a conical shape for aft end forward entry 
and is powered by five F-1 engines. The sequence of events following F-1 engine shutdown includes 
the following: the booster separates, doors close over the engine openings in the aft heat shield, the 
stage is oriented for entry by the reactio*’ control system, and finally 3 modified SSME’s used for 
landing engines are ignited for a powered down-range sea landing. The landing engines provide 
deceleration to near zero velocity. Nominally, this zero velocity occurs about 3 meters ( 10 ft) from 
the sea surtace, where the engines are throttled back to a thrust to weight of 0.8 allowing the stage 
to settle on the surface at a I'ominal impact velocity of 3m/sec ( 10 fps). The booster shape provides 
inherent upright floating stability ir :he water due to its broad base and aft center of gravity 
location. 

2.3.2 Orbit-to-Orbit Trai^portation 

Orbit-to-orbit transportation is required for crews and for SPS hardware. Crew transportation is 
assumed to always use a higli acceleration mode. High and low acceleration modes were considered 
for SPS hardware, as illustrated in Figure 2-7. Orbit transfer mission modes are defined by the vehi- 
cle acceleration level available and by where the SPS construction is to take place. Electric propul- 
sion systems involve very low acceleration requiring several months to complete the trip from low 
Earth orbit to geosynchronous orbit. The self-powered option assumed low Earth orbit construction 
and the separate powered options geosynchronous construction. 

The GEO assembly option for SPS requires a large common-stage LO/LHs orbit transfer vehicle. 
Characteristics of the point-of-departure system are shown in Figure 2-8. This vehicle was sized for 
SPS hardware transportation but can be adapted for crew transportation: for the latter purpose, 
scaling down in size was to be evaluated. Low thrust separate (independent) power options for SPS 
hardware transportation were considered in the FSTSA study but were not included in this SPS 
study as they have no apparent advantage over the LO 2 /LH 2 high thrust system. A representative, 
self-power orbit transfer system installation concept from the FSTSA study is shown in Figure 2-9. 
assuming division of the photovoltaic satellite into 4 modules for orbit transfer. Some characteris- 
tics of the installation at each comer (8 total installations per SPS): 

FJectric power consumption 172 000 KW^ 

Electric Thrust 8750 N (1970 lof) 

Propulsion hardware mass 835 000 kg ( 1 .840.000 lb) 

220 electric thrusters of I megawatt peak capacity 
38 propellant tanks 

22 000 m- (240.000 ft~) of radiator area 

Orbit transfer system cost $150 million (per corner) 

This illustration shows magnetoplasmadynamic (MPD) propulsion hardware. In the SPS study, 
emphasis was shifted from MPD to ion thrusters because interface characteristics could be better 
defined. 
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LOW ACCELERATION 


• TAM-0.168 • T/W-0.00018 

• CHEMICAL PROPULSION • NUCLEAR ELECTRIC PROPULSION 

• NUCLEAR THERMAL • SOLAR ELECTRIC PROPULSION 



LEO 

• RECONFIGURE PAYLOA(» 

• OTV REFURB 


^ SELF POWER OPTION - - - ALL OTHERS 
ARE SEPARATE (INDEPENDENT) 



Fjguie'2-7. Oririt Transfer Mission Modes 



• PAYLOAD CAPABILITY- 500,000 L8 

• OTV START8URN MASS - 1,100,000 LB 

• STAGE CHARACTERISTICS (EACH) 

• PROPELLANT -490.000 LB 

• INERTS - 45,000 LB 

Figure 2-8. SPS GEO Assembly OTV Common Stage LO 2 /LH 2 
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3.0 ANALYSES CONDUCTED 

The point-of-departure configurations were analyzed in considerable depth, in addition, the addi- 
tional energy conversion options shown in Figure 3.0-1 were analyzed. The description of analyses 
conducted are ordered as follows: 

3.1 SPS Requirements 

3.2 Photovoltaic Energy Conversion and SPS Configurations 

3.3 Thermal Engine Energy Conversion and SPS Configurations 

3.4 Construction Analyses 

3.5 Transportation Analyses 

3.6 Collision Analy:^s 

3.7 Cost Analyses 

Each section excepting the transportation analysis section is organized to provide a record of the 
work accomplished and a description of results. In accordance with the Part 1 Statement of Work as 
revised by the add-on task, the transportation effort is to be separately documented. Volume III 
therefore presents only transportation results. 

3.1 SPS REQUIREMENTS 

One of the sub-objectives of the SPS System Definition Study is to identify and define require- 
ments on the SPS as a system. 

The SPS is intended to ser\e as a long-range nondepletable energy system. As such it should meet a 
set of nine general requirements applicable to any such system: 

(1) The source of the energy should be nondepletable over time scales of at least hundreds of 
years. (A solar energy system clearly meets this requirement.) 

(2) The system should not be capacity-limited, i.e.. it should be possible to install as much capac- 
ity as is desired. (If hydroelectric power could meet this requirement, there would be no 
energy crisis.) 

(3) The system should be usable for baseload, i.e.. continuous service. 

(4) The system should produce much more energy over its lifetime than is invested to create and 
operate the system. 


J Vol. II 

I Vol. Ill 
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Figufe 3.0-1 . Energy Conver^n Candidates 
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(5) The system should have acceptable economics. In the simplest terms, it should produce electric 
power th.. .'onsumers and industry can afford to buy. 

(6) The system should be environmentally acceptable in all respects, including air pollution water 
pollution, thermal pollution, hazards, land use, and any other unique factors associated with 
the particular nature of the system. The SPS, for example, must meet environmental standards 
(presently not well-defined) es regards communications experience and public exposure to its 
microwave beam. 

(7) The system should not require excessive consumption of critical resources even to install the 
greatest plausible total capacity. (One SPS option studied about two years ago. for example, 
requred excessive use of tungsten and was subsequently dropped from further consideration.) 

(8) The system should have the potential for compatibility with power grids as regards reliability, 
availability, power characteristics, plant size, and ability to serve all regions of the world. 

(9) The system should admit to an orderly, manageable development program without excessive 
risk. cost, or calendar time required to reach initial commercial status. 

From these can be derived system and design requirements applicable to the SPS. The following 
partially complete set of requirements will be updated and expanded during Part 11 of the SPS sys- 
tems study to provide a more complete high-level specification for SPS systems. 

3. 1 . 1 The Solar Power Satellite Concept 

Figure 3.1-1 illustrates the basic principle of the Solar Power Satellite (SPS). A power generating 
system converts sunlight into electric power which is converted into a narrow (total divergence 
angle of approximately 1/100 degree) microwave beam by the microwave transmitter. These sys- 
tems are located in equatorial geosynchronous orbit and thus remain in line-of-sight with their asso- 
ciated microwave power receiving stations on the ground. At these stations the microwave power is 
converted into electricity suitable for integration into the local power network. 

Power conversion systems can be either photovoltaic or thermal cycle types, but in either case the 
electricity generated is to be used to power a microwave power transmission system to deliver the 
energy to Earth. 

The microwave power receiving stations for the SPS consist of a large number (~I0^) of dipole 
antennas with associated rectifiers, integrated in an oval array. Rectification of the received energy 
to direct current is accomplished by circuit elements which are integral to the dipole antennas. Fig- 
ure 3.1-2 is an artist’s concept aerial view of such an array. 
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Since the antenna intercepts and converts nearly all of the microwave energy but is nearly transpar- 
ent to sunlight, it is possible that agriculture could be accomplished beneath it. Surrounding the 
antenna is a buffer zone to prevent public exposure to stray microv/ave radiation more energetic 
than the continuous exposure standard (assumed to be more than 1 0 times more stringent than the 
current standard). These antenna** could be placed relatively near demand points (note the city in 
the background of Figure 3.1-2). 

3.1.2 System Requirements Basis 

Utilization of space-based power generation could conceivably occur as a legislated action, 
prompted by the resultant increase of national energy independency, reduced pollution, infinite 
source, etc. However, about three-fourths of our electric power currently is produced by private 
utilities, suggesting that economics may be a major factor influencing space-based power incorpora- 
tion. Thus, market elasticity must be considered, i.e.. sales will be influenced by the price of the 
product. 

Many factors have contributed to the increases in installed capacity (kW)and consumption (kWh). 

(1) Population growth-from 1956 to 1973 the rate was \37c per year. The rate is predicted to 
decline to 0.8^ in the 1973 to 1990 period. Resultant populations, millions (1 ): 


1964 

192 

1974 

212 

1984 

232 

1995 

252 


(2) Rising standard of living -disposable income per person has been increasing; the trend is 
expected to continue ( 1 ): 


Year 1976 S/year per person 

disposable income 

1964 3740 

1974 5287 

1984 6784 

1995 8542 


(3) Relative reduction in electricity cost-as pointed out by Hannon (2). the cost of electricity 
energy has reduced relative to labor costs (electricity does not strike for higher wages). It thus 
seems appropriate that about 407c of our national electricity use is for process heat and indus- 
trial power while only 97c goes for lighting (3). In the following plot (Figure 3.1-3) from (2) 
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the ratio of manufacturing workers hourly wage to industrial kWh cost of electricity is repre- 
sented as 1.0 in 1951 on the ratio index scale. 

This item and the previous one are ultimately related, i.e , the rising standard of living is in part 
explainable in terms of the wage/electricity ratio. Thus minimizing energy costs is important 
to maintaining a high standard of living. 

Figure 3.1-4 shows trends in national installed generating capacity. Note the diffeience between the 
1973 and l974/7b foiecasts. (There was no significant change between 1974 and 1*^76.) It is signifi- 
cant that the 1^73 article in (5) was titled “Utilities Plan Expansion to Meet Records Demands” 
and that the 1974 title in ( 1 ) was “Slower Growth in Sales and Peaks Sparks Sharp Cut in Expan- 
sion Plans and Cost. 

An explanation for the change in forecast is given in ( 1 ): at the end of 1973 an increase of 33.100 
MW in the summer peak requirement was forecast. An increase of 43.607 MW in capacity was 
planned for 19~4 to meet this peak, retire some obsolescent units and raise the national reserve 
margin to Zl'i. However, energy conservation (partly from recession-caused production decreases) 
cut the load growth, to only 15.530 MW. resulting in a generating margin of 26.2'7. Mild winters in 
the 1974-76 period also contributed to the large reserve margins. (The severe 1977 winter appears 
to be reversing the trend; statistics are not presently available.) Consequently some of this margin 
can be applied to subsequent growth needs, depressing the growth curve. Figure 3.1-5 shows varia- 
tion of this margin with tunc. IS is generally considered by utilities to be desirable; the margin 
was 16.6^7 in 19(i9 when reductions and curtailments occurred. 

Some authors have forecast and/or recommended very low or even zero energy growth rate. Hannon 
(2) recommends a more labor intensive economy, i.e.. one in which, in essence, human muscles per- 
form rather than electric motors, thereby making more (lower paying) jobs. One factor is the grow- 
ing labor pool resulting from population growth. If the birth rate instantly dropped to zero, the 
labor pool would still increase in size for two decades. 

A more rational view is that energy growth is essential to economic health. Federal Energy Adminis- 
trator Zarb has recommended a 3.5 ^ to 4.5'r installed cap acity grov in rate for 1975 to 1985 (6). 
This range was plotted in Figure 3.14. 

It is possible for national energy consumption to remain constant while the amount of electricity 
generated increases. In 19b8. 21.2'7 of the energy expended went to produce electricity. The last 
column shows a potential of 70.7'7 utilization without significant changes in energy use technology; 
for example, electricity could be used for all process heat. 
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1925 19X 1935 1940 1945 1950 IKS I960 1965 1970 1975 


Figure 3.1-3. Labor Electricity Cost Ratio 



Figure 3.14. Growth in U.S. Installed Capacity 
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Current Predictions 

Figure 3.1-6 shows historical (4) and forecasted ( 1 and 5) annual additions to U.S. 'nstalled capac- 
ity. Note that these arc net additions after retirement of obsolete capacity. Actual sales are l%to 
1 % greater. Again note the dramatic changes resulting from the capacity margin produced by 
reduced electricity consumption. The projected 1973 addition rate for the year 1990 was 64 GW 
(64000 MW): the 1974 projection is for 53 GW per ye r for 1990. The 1976 forecast shows a signif- 
icantly reduced growth rate beyond 1990, and a greatly reduced nuclear growth rate. 

In 1973, nuclear generated electricity provided 4.8% of our capacity. This was 16 years from the 
initial power reactor and nine years after the first “commercially competitive” reactor of 1964. In 
the 16 years from 1964 until 1980 nuclear energy is forecast to grow to capture 13.6% of the elec- 
tric power market. In another 1 5 years it will represent 30% of our capacity (but provide over 50% 
of the kWh) ( 1 ). It thus appe j reasonable to assume early market capture rates of 1 5% for SPS’s 
(assuming equivalent economics). In England, nuclear capacity was added at approximately five 
times the percentage rate of the United States. Should superior economics be achieved, i.e., very 
low costs for space based power, the capture rate could be even higher. 

Other factors could also accelerate space power incorporation, such as nuclear power moratoriums 
or legislation which levies the full “social” costs of fossil fuel usage on the electric power customer. 
The current social cost for the use of coal, for example, may be 1 3 to 1 5 mills/kWh (7). 

REFERENCES 

(1) Electrical World. September 15. 1974. 

(2) Hannon, B.. “Energy Conservation and the Consumer.” Science. 1 1 July 1975 (Vol. 189. No. 
4197). 

(3) Hauser. L. G.. “Future Trends in Energy Supply." 1974 Textile Industry Conference. 

(4) Moody’s Public Utility Manual. 1974. 

(5) Electrical World. September 15, 1973. 

(6) “World News Beat,” Electrical World, July 1. 1975. 

(7) Morgan, M. G.. Barkovich. B. R. and Meier, A. K.. “The Social Costs of Producing Electrical 
Power from Coal: A First Order Calculation.” IEEE Proceedings. Vol. 61 , No. 10, October 1973. 
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Figure 3.1*6. Annual Additions to Installed Capacity 
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3.1.3 SPS System Requirements 

This is a preliminary draft of SPS y n requirements. Requirements are organized according to 
the SPS system work breakdown sin are. This WBS is also to be used for system descriptions and 
Cost data collection. (The WBS is being updated in Part II of the study.) 

WBS 1.01 SPS System 

1.01- 1 The SPS system shall provide electric powei for commercial utilization within the United 
States. Power output of the associated individual ground installations shall be at 5 GW (5 x iO^ 
Watts) each, with output form as required by local power network. 

1.01- 2 The power source for these ground stations shall be located in geostationary orbit, with 
power transfer by i microwave link. 

1.01- 3 The system concepts for these programs, including facilities, launch equipment, etc., shall 
provide for annual system additions in accordance with JSC scenario "B ’ (Figure .^.1-7). The addi- 
tion rate shown in the figure shall be interpreted as a net capacity addition rate. Power (-utput 
degradation effects shall be compensated such that the figure represents actual total realizable out- 
put versus time with seasonal variations averaged over a year. 

1.01- 4 Nominal life of the satellite and ground receiving stations shall be 30 years assuming appro- 
priate maintenance. This lifetime shall be used for investment amortization in cost and economics 
studies. The system shall be designed to allow indefinite extension of operating life with appropriate 
refurbishment. 

1.01- 5 The system design philosophy shall be to minimize consumer costs for electric power 
derived from this source, assuming JSC Scenario B as a reference capacity addition proeram and 
assuming that all developmental and operating costs, including transpoi ation and ot' f .upport 
costs, are recovered from operating revenues. (This requirement is not intended as a recommend- d 
pricing policy.) 

1.01- 6 The nominal system total capacity design limit shall be set at OOU GW for North America 
(about ten times the total installed electrical generating capacity for the U.S. in 1976). SPS satellites 
must therefore be capable of operating at inter-satellite se, ation distances as small as 50 km. This 
requirement applies to stationkeeping capability. ■ ^ter-saf- • uplink RF interference, and propul- 
sion jet interference between satellites. 

1.01- 7 Microwave Safety the design standards following shall not be construed as reflecting any 
currently applicable standards or as a recommendation or forecast as to any possible future stand- 
ards. They represe-.it stringent de -gn requirements containing considerable margins to allow for 
unforeseen elfects. 


22 



D1 80-20689-2 



Figure 3.1-7. SPS Capacity Addition JSC Scomio 
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1.01*7.1 Microwave flux density in tne ionosphere shall not exceed 25 mw/cm^. (This requirement 
may be modified upward or downward at such a time as experience warrants.) 

1.01*7.2 Microwave flux density outside the restricted*access receiving site area shall nowhere 
exceed 0.1 mw/cm* with a nominal design goal of 0.01 mw/cm^. The system shall be designed to 
minimize or eliminate restricted access land area not actually used for the power receiving antenna. 

1.01*7.3 The average microwave flux density (outside the restricted receiving site areas) over the 
U.S. or any other large populated area resulting from operation of the s>'stem at rated capacity 
(5000 GW) shall not exceed 0.01 mw/cm-. 

1.01*7.4 Microwave flux exposure limits for system workers shall be set at 1 mw/cm^ for continu* 
ous (i.e.. 8 hour workday) exposure and at 10 mw/cm*- for exposure periods not to exceed 1 hour 
per 24-hour day. Personnel working in areas of flux higher than these limits shall be suitably pro- 
tected. e.g.. by a Faraday shield. 

1.01- 8 System sizing shall be referenced to beginning-of-life conditions with any seasonal variations 
averaged over a year. The systems shall provide suitable means to maintain nominal output rating up 
to the beginning-of-life rating. 

1.01- 9 Energy Conversion option comparisons shall use the following r.ucrowave power transmis- 
sion link performance as a reference (Table 3.1-2). (These figures shall not in any way be construed 
as firm requirements or design guidelines on the microwave system.) 

WBS 1.01.01 SoUr Power SateUite (SPS) 

1.01.01- 1 Orbit 

1.01.01- 1.1 The nominal operational orbit for SPS’s shall be circular at 0^ inclination and 35786 
km altitude (radius=42l64 km). This is the geostationary orbit condition ; each satellite will nomi- 
nally remain stationary' over its assigned longitude point on the Earth’s equator. 

1.01.01- 1.2 The orbit shall remain trimmed such that longitude drift due to perturbing effects does 
not reduce inter-satellite distance below 50 km for a no ninal spacing of 75 km. Nominal orbit error 
allocations are; out of plane 2.2® equivalent to 1 5.5 km longitude error; eccentricity 0.0004, equiv- 
alent to 16.87 km longitude error; long-period drift 10 km. These allocations RSS to 25 km total 
random error, lo the extent that the satellites can fly formation, e.g.. in a cooperatively perturbed 
mode, the longitude of individual satellites can exceed 25 km frem the nominal assigned location. 
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1.01. 01- 1.3 SPS assigned longitudes shall be clustered together with a minimum nominal spacing 
of 75km (0.102°) in order to preserve open spaces in geosynchronous orbit for other types of sat- 
ellite services. 

13)1. 01 -2 SPS's shall be designed to have suITicient attitude control torque capability and struc- 
tural integrity to recover from a loss-of-attitudc-control event, i.e.. to reorient from a gravity gra- 
dient stable attitude to nominal flight attitude. 

1.01.01- 3 SPS's shall be designed to a capacity factor of 90^'r. including planned and unplantted 
outages and degradation due to failed elements. The 90'^ shall be applied to nominal output if all 
SPS elements are functioning. Output degradation, e.g. solar cell degradation, due to natural envir- 
onment effects or aging is not charged against capacity factor. 

1.01.01- 4 No single failure or causative result thereof shall cause output from either SPS antenna to 
fall below 50'v of nominal. This requirement does not apply to shadowing by the earth or by other 
SPS’s. 


1.01.01- S Partial shadowing by an adjacent SPS shall not cause disruption of operation of or dam- 
age to. an SPS. Loss of output appropriate to the extent of shadowing is. of course, acceptable. 

1.01.01- 6 Each SPS shall have sufficient onboaiu storage capability for all necessary consumables 
to sustain a minimum of one year of norma! operations without resupply. This requirement includes 
support of any crew’ that would be resident onboard an SPS either intermittently — continuously. 
{Resident f}nhuarJ implies living aboard the SPS. Crews living aboard support vehicles or systems 
are not included). 

1.01.01- 7 The SPS shall be designed for construction in space from prefabricated elements and 
other materials delivered to the space construction site($) from earth by a space transportation sys- 
tem. Design features and construction methods shall support the minimum cost requirement 
(1.01-5). 


1 .01.01- 8 The SPS shall be capable of highly controlled startup such that lockon and flux pattern 
control of the microwave power transmission system can be verified at low power levels before 
ramping up to full power. The entire startup and rampup process shall be controllable to maintain 
complete control of the power beam and avoid damage due to transients or out-of-tolerance opera- 
tions of any SPS elements. Partial or complete shutdown shall he similarly controllable. This 
requirement shall also apply to any possible transient illumination patterns resulting from partial or 
complete shadowing of the SPS. 

1. 01. 01- 9 The SPS shall be designed to the following ionizing radiation environments; 

High Energy Particles 

Tor the high energy trapped electrons and portons. the electron flux maps AE-4^* • and AE-6*-^ and 
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the proton flux maps AP-5^^^ AP-6^^^ and AP-7^5) shall be used. The anticipated AP-8 proton 
flux map shall be used when it becomes available. These flux maps, described in a series of publica- 
tions by J. Vette and co-workers at the National Space Science Data Center, are the standard high 
energy trapped particle data source. 

The solar proton environment expected at GEO has been predicted by a number of workers, but the 
model of J. King^^\ and the survey and predictions of W. R. Webber^^^’ have gained wide usage 
in the technical community. These data sources shall be used to define both an expected and a 
worst case solar proton environment. 

Low Energy Particles 

Electrons of energy less than 250 keV, and proton:, below 0.5 MeV are not treated in the trapped 
particle flux maps and must be deflned from the research literature. The S/C charging article by 
De^oirest^^^ is typical of the data available in this area that shall be used. 

Tonosphere Environment Definition 

The NASA Space Vehicle Design Handbook ionosphere environment shall be used. 

References for Requirement l.Oi.OI-9 

1. G. Siagley A. J. Vette. A Model Environ.ment for Outer Zone Electrons. NSSDC-72-13. 1972. 

2. M. Teague. K. Chan. J. Vette, “AE6: A M^xlel En\ironnient of Trapped Electrons for Solar 
Maximum", NSSDC 76-04. May. 1976. 

3. J. King. “Models of the Trapped Radiation Environment. Vol. IV. Low Energy Protons”, 
NASA SP-3024, 1970. 

4. J. Larine and J. Vette, Mr^dels ct the Trapped Radiation Environment. Vol. V. Inner Belt 
Protons. NASA SP-3024, 1970. 

5. J. Larine and J. Vette. Models of the Trapped Radiation Environment, Vol. VI. High Energy 
Protons. NASA SP-.?024. 1970. 

6. J. King. “Solar Proton Fluences as Observed During 1966-1972 and as Predicted for 1977- 
1983 Space Missions". NASA Goddard X-601-73-324. 1973. 

7. W. R. Webber. “An Evaluation of the Radiation Hazard Due to Solar Particle Events”. Boeing 
Document D2-90469. 1963. 

8. W. R. Webber. “An Evaluation of Solar Cosmic Ray Events During Solar Minimum”. Boeing 
Document D2-84274-I. 1966. 

9. S. DeForrest. “Spacecraft Charging at Synchronous Orbit”, J. Geophyu. Res. /7. 651, 1972. 
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WBS 1 .01 .01 .01 Energy Collection & Concentration Subsystem 
(Note; Some SPS concepts may not include this subsystem) 

1.01. 01. 01 - I The energy collection subsystem shall be designed to avoid variation in concentrated 
sunlight intensity that would damage or seriously interfere with operation of, the energy conversion 
subsystem. 

1.01.01.01- 2 The energy collection subsystem shall actively or passively compensate for variations 
in sun elevation due to satellite attitude, e.g.. flying perpendicular to the orbit plane (POP). The 
energy collection subsystem sltall also compensate for expected structural deformations in the SPS 
due to space environment and other operational factors. 

1.01.01.01- 3 The energy collection subsystem shall be designed to provide the concentration of 
ambient sunlight required by the energy conversion subsystem, after accounting for losses associ- 
ated with reflectivity, scattering, and geometric errors. The concert [ration ratio sliall be defined as 
the ratio of (average concentrated solar flux per unit area of absorber surface )/(ambient solar flux). 
The geometric concentration factor shall be defined as the ratio of total projected area of sunlight 
intercepting surface to total absorber suface area. The ratio of concentration ratio to geometric con- 
centration factor IS the energy' collection efficiency. 

1.01.01 .01- 1 The energy collection subsystem shall be designed to preclude arcing and/or other 
potentially damaging effects associated with electrostatic charge buildup due to the geosynchronous 
orbit natural or induced environments. 

1.01.01.01- 5 The energy eollectioii subsystem, if it uses actively -controlled elements, e g., for high 
concentration ratios, shall 

a. employ distributed independent control and actuation systems such that no single failure will 
significantly degrade total output; 

b. not be based on maintenance of geometric precision of the main SPS structure to achieve the 
required optical performance; 

c. employ control passband frequencies selected to not interfere with overall attitude control of 
the SPS. 

WBS 1 .01 .01 .02A Energy Conversion Subsystem (Photovoltaic) 

1 .01 .01 .02A-I The photovoltaic system shall be modi.lari.'cd into space installable blankets of TBD 
KWe nominal generat;ng eapacity each at beginning of life under monimal operating conditior 
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including applicable sunlight concentration. The nominal voltage output of each module shall be 
44,000 volts. (Value subject to change). 

1.01.01.02A‘2 The photovoltaic system shall employ radiation shielding and/or annealing of the 
photovoltaic converters as appropriate to requirement 1.01*5 (minimum power cost). 

1 .01 .01 .02A-3 Individual converters (cells) shall be wired into the blanket array such that either 
open or short-circuit failures of individual converters do not cause 1) loss of array output dispropor- 
tionate to the loss of the individual converter's contribution, or 2) arcing. 

1.01.01.02A-4 The photovoltaic system shall be designed such that a blanket module and/or its 
switchgear can be isolated from the operating onboard electric power distribution system, and its 
generated electrical potential reduced to safe levels, so that it may be serviced without shutdown of 
the entire energy conversion subsystem. 

WBS 1 .01 .01 .02B Energy Conversion Subsystem (Thermal Engine) 

1.01.01.02B-I The thermal engine systems shall be modularized into space installable elements, 
with a nominal generating capacity per machine set of TBD kw^. The nominal DC voltage output of 
each machine set shall be controllable within the range 40,000 to 45.000 volts at rated power out- 
put. (Voltage values subject to change.) 

1 .01.01. 02B-2 Individual generators shall be provided with controls and connected to the onboard 
power distribution system such that planned or unplanned shutdown of an individual generator 
does not impair operation of the SPS except for loss of the output contributed by that generator. 

1.01.01.02B-3 Individual engine generators shall be designed to allow sersice. including entry to 
fluid sj stems. without shutdow n of functioning engine-generators, except in the case where access 
to the interior of the cavity absorber may be required. 

1.01.01.02B-4 Fluid systems shall include scavenging and/or inventory control such that inten- 
tional or unintentional breaches of fluid system integrity will not cause excessive loss of fluid. Such 
fluids losses as do occur shall be controlled to the degree necessary to prevent interference with or 
degradation of SPS operation, e.g.. by vacuum plating, or electrical arcing. 

I.0I.01.02B-S The cavity absorber assembly shall include light shields as necessary to divert stray 
concentrated light (i e.. cavity aperture spillover) so that it does not induce a deleterous thermal 
environment in the turbogenerator area and does not interfere with equipment service operations. 
The light shields shall not present false targets to the solar concentrator control systems. 
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1.01.01.02B-6 The thermal engine energy conversion system shall be capable of surviving without 
damage a maximum-duration geosynchronous occulation (72 minutes) when entering the shadow 
cold, i.e.. after an extended shutdown period, and then reaching full power within one hour. 

1.01.01.02B-7 Normal restart after occulation, i.e., upon entering the shadow hot, shall reach full 
power within five minutes aftei leaving the shadow. 

1.01.0I.02B-8 The net angular momentum due to rotating machinery and circulating fluid for any 
SPS module shall be no more than 10*; c of that angular momentum value represented by rotating 
the entire module one revolution per day about a principal axis parallel to the turbogenerator 
shafts. (This requirement is intended to minimize effects of machinery momenta on the flight con- 
trol system.) 

WBS 1 .01 .01 .03 Power Distribution System 

1.01.01.03-1 The power distribution system shall conduct DC electrical power from the energy 
conversion system interfaces to the transmitter rotary joint interfaces. (It is assumed that there are 
two 5-GW antennas and associated rotary' joints per SPS.) The distribution system shall supply the 
following nominal voltages and currents to the rotary joint interface. 

Bus A 40,800 volts at 138,600 amps (5.65 GW) 

Bus B 3«.700 volts at 59.400 amps (2.30 GW) 

A common return for these two supplies shall be provided. 

This requirement is based on estimated Klystron characteristics described in the following, and is 
subject to revision. 

1 .01 .01 .03-1 Supporting Rationale Reference Klystron Parameters 

The following are the proposed parameters for the reference DC to RF converter: 

Tube Type: Klystron - Depressed Collector 
RF Power Output: 70.9 KW 
EtTicicncy. 0.87 

Number of Depressed Collectors: 3 
Modulating Anode Voltage 21 ,052.5V±0.5';r 
Body Anode V'olt age: 42. 105V+0.5'/c 
Body Anode ('iirrent: 0.1 1 Amperes 
Beam Current 2.20 Amperes 
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TUBE ELEMENT REQUIREMENTS 



VOLTAGE 

CURRENT 

POWER 


ELEMENT 

(VOLTS DC) 

(AMPERES) 

(WATTS) 

% POWER 

COLL. A 

40,000±5% 

1.320 

52,800 

64.8 

COLL. B 

37,895±5% 

.616 

23,343 

28.7 

COLL. C 

4,211 ±5% 

.154 

648 

.8 

REG.ANODES 

42A05±0.S% 

.110 

4.632 

5.7 

HEATER 
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TOTALS 

N/A 

2.200 

81,453 

100.0 


The tube output was increased to 70.9 KW in order to bring the collector voltages up to near 
40 KV. The proposed method for obtaining the required converter voltages is as follows- 


VOLTAGE 


SOURCE 


Collector A From power generation 

source 40 KV ± 5% 

Collector B From power generation 

source @ 37.9 KV ± 5% 


Modulating Anode 
Body Anode 
Heater 
Collector C 


From power processors 
on antenna. Power source 
for processor is 40 KV 
from collector A supply. 


A simplified description is shown in Figure 3.1-8. 


1.01.01.03- 2 The power distribution system shall employ dedicated aluminum conductors (not 
part of main structure) which are passively cooled by radiation to free space. 

1 .01 .01 .03- 3 The power distribution system shall be sized to minimize the combined mass of itself 
and the remainder of the SPS. considering power distribution system mass, dissipative losses, and 
variations of resistivity with operating temperature. 

1.01.01.03- 4 The power distribution system shall have switching and control equipment as nec- 
essary to isolate the rotary joint and power transmission system from energy conversion system 
startup and shutdown transients. This requirement may be in part met be delayed activation of 
power distribution provided that the delay is not greater than 10 minutes. 
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DEPRESSED COLLECTOR OPERATION (EST.) 
CATHODE BODY V =42.1 KV 

o -X 

PERVEANCE K = .25 x 1. 

TOTAL CURRENT = 2.20 AMPS =1^ 

RF POV/ER OUTPUT - .765 V 1 = 70.9 KW 

o o 

THREE SEGMENTED DESIGN 


!. 

MOD. ANODE SUPPLY 

.5V , .051 = .025 V I 
0 O 0 o 

o 

BODY SUPPLY - 

.5V , .051 = .025 V I 
0 O 0 o 

3. 

COLLECTOR A = 

.95V , .601 = .570 V 1 

0 O 0 o 

4. 

COLLECTOR B 

.90V , .281 = .252 V 1 

O O 0 o 

5. 

COLLEaOR C 

.lOV , .071 = .007 V 1 

0 O O O 


TOTAL BEAM POWER 

.879V 1 


NET EFFICIENCY = .765/.S79 = 87% 


Figure 3.1-8. SPS Klystron Design Estimate 
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3.2 PHOTOVOLTAIC SPS CONFIGURATION ANALYSIS 

This section deuls with the analyses that supported definition of the photovoltaic SPS options. A 
brief summary of photovoltaic results is as follows: 

The factor that perhaps made us feel most comfortable, in terms of evaluating the whole SPS con- 
cept, is that silicon cost did not appear too high. There has been a tendency to think “if we must go 
with the silicon satellite, it’s going to cost too much and maybe it won’t make it.” But our cost 
analyses indicate that silicon cost will not be too high, and tliat is probably most important. Silicon 
also is less sensitive to cell performance than supposed. We found, especially for silicon, that the 
simpler satellite at a concentration ration of 1 is preferable. 

Annealing is a critically important technology. Preliminary test results showed high promise for the 
eventual success of annealing. With annealable satellites, self-power orbit transfer after LEO con- 
struction appearing promising. 

It is becoming clear that new sources would be required to supply gallium for SPS’s even at the 
quantities required for the thinnest of our fims. New sources of supply may be available. Questions 
of production rate (can enough of it be supplied per year) are very bothersome. Even if a new 
supply were available at a reasonable recovery rate, thin film technology is .ritieal for gallium. 
Higher concentration ratios migh alleviate this problem somewhat. 

3.2.1 Silicon Phutovoltaics 

3.2. 1 . 1 Array Analyses 

The reference solar array was the basis for comparison of alternate concepts. It was denved t: 'm 
the JSC concentrating configuration using silicon solar cells, modified by the incorporation of 50 
pm (2 mil) fused silica covers to provide more-optimum protection from solar-fiare protons during 
a 30-year life. Features of the reference array concept are as follows: 
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FEATURE 

SELECTION 

RATIONALE 

Concentration ratio 

2, less reflection and mis- 
orientation losses 

Designated as reference case 

Substrate 

Type HF Kapton, with 
integral printed circuit 
interconnections 

Best available strength for 
weight. Compatible with 
printed-circuit cell-to-cell 
connections made by weldin 

Concentrators 

Aluminized Kapton at 
60° with respect to plane 
of solar cells, oversized to 
fully illuminate cells when 
misoriented in worst-case 
manner. 

Lightest weight of feasible 
alternates 


The solar cell design for the reference array is shown in Figure 3.2-1 , with features and their selec- 
tion rationale outlined in Table 3.2-1. The manner in which cells are interconnected to form strings 
on a 650 by 496 meter module is shown in Figure 3.2-2. Each of these modules would contain 1 10 
of these 44-kV strings. 


Having both p ard n contacts available on the back side of the solar cell is important for automated 
assembly of the blanket. One way of achieving this feature is to run the n-layer doping around the 
edges of the celt to contacts on the back. Recent work sponsored by NASA’s Lewis Research Center 
indicates that better cell performance will be obtained if only the metallization, appropriately 
insulated from the silicon, is run around the edge of the celt. 

The initial output of a solar cell in an array depends on the temperature and light intensity. We used 
a -0.43 percent per °C temperature coefficient of inaximurr. power, a value measured by Comsat 
with their violet cells. We also used their temperature coefficient of -0.37 percent per degree C tor 
voltage. 

A 257.07 mW/cm- solar intensity was used in calculating the performance of cells as summarized 
in Table 3.2-2. It was based on the concentrators having a 0.9 reflectance, which heated the cells 
to 115*^0'. We subsequently found that the reflectors would have a reflectance of 0.85, reducing 
initial cell temperature to 106°C. This revised intensity and temperature were not incorporated into 
the trade study inasmuch as it would not have changed the conclusion. 

The blanket assemblv factors represent optimistic values of packing factor and cell uniformity. The 
low cover absorption can be achiev, d with tantalum pentoxide anti-reflective coated cells. 

The performance calculations shown in Table 3.2-3 were emiped to illustrate the true reflector con- 
tribution to blanket output. For the area concentratio aio ~ 2 option, these data show that the 
effective concentration ratio is considerably lower. 
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Table 3.2-1. Reference Array Concept-Solar Cells 


FEATURE 

SELECTION 

RATIONALE 

TYPE 

SILICON 

DESIGNATED AS BASELINE 

SEMI 

CONDUCTORS 

N-ON4> 

MORE RADIATION - RESISTANT THAN P -ON -N. MOST OF THE 
SILICON SOLAR CELL DEVELOPMENT WORK IS BEING DONE ON 
N -ON -P CELLS. 

RESISTIVITY 

2 OHM - CM 

BOEING TFSTS HAVE SHOWN THAT 2 OHM -CM VIOLET CELLS 
HAD THE HIGHEST OUTPUT AFTER IRRADIATION WITH 
7 X 10^” ONE -MeV PROTONS. 

CELI. SIZE 

5 CM WIDE 
10 CM LON« 

A POSSIBLE WIDTH FROM EDGE - DEF'NED, FILM - FED GROWTH 
PROCESS lE^GI. 

REASONABLE TO HANDLE, AND OBTAINABLE FROM HEAT - TRANSFER 
CRYSTAL • GROV7TH PROCESS. PROTOTYPES OBTAINABLE FROM 
S • CM DIAMETER BOOL LARGER CELLS WOULD HAVE LOWER 
EFFICIENCY BECAUSE OF SHADOWING BY CURRENT • COLLECTING 
GRID. 

CONNECTIONS 

ON BACK OF CELL 

COMPATIBLE WITH AUTOMATED ASSEMBLY OF ARRAY BLANKET. 

EFFICIENCY 

18 PERCENT WITH 
AIR - MASS - ZERO 
SUNLIGHT, 26®C 

APPEARS ACHIEVABLE IN PRODUCTION BY 1985. 

COVER 

2 -MIL FUSED SILICA, 
ELECTROSTATIC - 
BONDED 

BEST COMPROMISE, WITH THICKER COVERS INCREASItlG ARRAY 
WEIGHT BECAUSE OF QUANTITY OF QUARTZ. AND THINNER COVERS 
INCREASING WEIGHT BECAUSE OF GREATER AREA TO COMPENSATE 
FOR GREATER LOSS OF POWER FROM RADIATION DEGRADATION 

OPERATING 

TEMPERATURE 

IIE^C 

DURING 30 -YEAR ...FE, 

BASED ON THERMAL ANALYSIS. 
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Cow thickness Voltage at Cefls per Ifor one 

Utm, mils) load (kV) string* string (km) w (m) 

60 (2) 44.0 621.760 6.65 4.16 

Figure 3.2*2. Solar Cdl String for Sui^ynig Load Voltage 


v» 23 , Table 3.2-2. Solar Array Ouqmt Cakubtions 

Cell performance factors: 


Blanket assembly factors: 


Initial blanket output: 


T=115®C 
Pt = P25®C*^ 

Vj = V25OQ (1 - 0.0037 AT) 

S = 135.3 + 0.9 X 135.3 = 257.07 mW/cm^ 

Lost area = 0.96 
Cover absorption - 0.98 
Cell mismatch - 0.99 
|2 r loss in section = 0.975 
Total » 0.9081 

pQ = 257.07 X 0.18 (1 - 0.0043 [115^C - 25°Cl ) 
(0.9081) 

« 25.76 mW/cm^ = 257.6 W/m^ 
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TaUe3^3. R^cfcnoe Ctoirf^aratioa Eoeigy OmmaioB B.O.L. 


Array specific output at 1 sunjdirect 
illumination (SS**C) 


188.8W/m2 

Array temperature degradation 
atCR=2(I06“C) 

- 38.S W/m^* 


Array specific output ( 106°C) 
from reflected sun 

-128.5 W/m2* 


Reflector flatness factor 57c 

- 13.9 W/m^ 


Net output increment due to 
reflectors 


76.1 W/m^ 

Integrated specific output 

integrated output 
Effective CR - | direct output 

1.40 

264.9 W/m^ 

Efficiency 


= 9.55% 

* Items subject to degradation 
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The reference solar array has a geometric concentration ratio of 2.0, with the direct sunlight seen 
by each cell being supplemented by sunlight reflected from each side of the blanket, as shown in 
Figure 3.2*3. With perfect reflectors each cell would be illuminated with suitiight having twice 
normal intensity. 

The actual sunlight at the solar cells is less than twice the direct sunlight. It is reduced by absorption 
in the reflectors. non*f1atness of the reflecting surface. Also, the reflectors must be oversized to 
fully illuminate all cells under worst-case misorientation. 

The solar array blanket is shown in Figure 3.2-4. This is representative design whose characteristics 
were incorporated in the photovoltaic SPS definition. 

3 .2. 1.2 Reference Configuration 

The reference silicon configuration is shown in Figure 3.2*5 as adjusted for the revised sizing crite- 
ria. The trou^ width has been reduced to 619m as required for uniform illumination and the addi- 
tional beam frames required to react the reflector tensioning loads are shown. Mass properties for 
the reference configuration are shown in Table 3.2-4, tracing evolution from the point-of-departure 
mass statement. This mass statement includes a 50% growth allowance as used by JSC in JSC-1 1 568 
to facilitate comparisons. Other mass data presented in this report do not include growth allowances, 
allowances. 

The reference configuration does not meet the requirement of maintaining rated output over 30 
years life. Both the solar blankets and the reflectors degrade. End-of-life performance is summarized 
in Table 3.2-5. Detailed analyses of solar cell and reflector degradation were conducted, as reported 
in sections 3.2.5 and 3.2.6 respectively. Results are summarized in Figure 3.2-6. The basic energy 
conversion performance chain has been revised to reflect the 30 year degradation values for both 
cells and reflector. The effective concentration ratio is again considerably reduced from the area 
concentration ratio of two. 

3.2.1 .3 Power Mainterunce Analysis 

Power maintenance methods include initial oversizing, annealing, and array addition. Initial oversiz- 
ing is the least attractive option (see section 3.2.1.5). Annealing is the most attractive, if it can be 
made to work as well as current preliminary test results indicate. Array addition mairtains solar 
array output by adding increments to restore capacity lost by radiation degradation. The refurbish- 
ment schedule shown assumes that the solar power satellite always delivers 10 GW from its Earth 
receiving station, and that at the end of each 5 years an appropriate solar array increment is added. 
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Feature 

Selection 

Rationale 

Concentration 

ratio 

2. less reflection 
and misorientation 
losses 

Designated baseline 

Substrate 

Type HF Kapton. 
«vi^ integral print* 
ed-circuit inter* 
connections 

Best available strength for 
weight. Compatible with 
printed-circuit cell-to-cell 
connections made by welding. 

Concentrators 

Aluminized Kapton, 
oversized to fully 
Pluminate cells when 
misoriented in worst* 
case manner 

Lightest weight of feasible 
alternates 


F%mie 3.2-3. Refeteoce Sohr Amy Concept 




Figuie 3 2-4. Reference Silicon Blanket De^gn (Deqgn Volt^e 44 000 V.E.O.L.) 

39 

ORIGINAL PAGB 6 
OP POOR QUALITY 




Pages 40 - 42 are blank 



ORIGINAL PAGE IS 

OF POOR QUALITY «tu;i!a;ING PAGES BLANK NOT FILMS) 


SPS445 


Table 3.2-4. Photovoltaic Reference Configuration Nominal Mass Summary Weight fai Metric Tons 


COMPONENT 

ORIENTATION 

MIDTERM 

CURRENT 

REMARKS 

1.0 

SOLAR ENERGY COLLECTION SYSTEM 

(36,6161 

(69,313) 

(49,612) 

INITIAL AREA - 129 kmf MIDTERM & CURRENT-146 km^ 


1.1 PRIMARY STRUCTURE 

2,493 

14,970 

8,000 

OPTIMIZED CIRCULAR CHORDS ♦ REDUCED MEMBRANE 
STRESS LEVEL 


1.2 SECONDARY STRUCTURE 

189 

209 

209 

TO ARRAY AREA 


1.3 MECHANICAL SYSTEMS 

40 

40 

40 

NO CHANGE 


1.4 MAINTENANCE STATION 

86 

... 

— 

DELETED TO BE CONSISTENT WITH THERMAL ENGINE 


1.S CONTROL 

340 

340 

340 

NO CHANGE (200 M.T. DRY WET ♦ 1 YR PROPELLANT) 


1.6 INSTRUMENTATION/ 
COMMUNICATIONS 

4 

4 

4 

NO CHANGE 


1.7 SOLAR CELL BLANKETS 

26,746 

37,692 

34,111 

SPECIFIC WEIGHT DOWN TO .49 k«/m2 (FROM .64 kg/m^) 


1.8 SOLAR CONCENTRATORS 

6,149 

2,978 

3,276 

INCLUDES TENSIONING/INSTALLATION FACTOR 


1.9 POWER DISTRIBUTION 

2,570 

3,180 

3,532 

INCLUDES SWITCH GEAR ft INSTALLATION FACTOR 

2.0 

MPTS 

16,371 

16,371 

16,371 

NO CHANGE 


SUBTOTAL 

61,987 

74,684 

64,883 

13% REDUCTION FROM MIDTERM - 26% HIGHER THAN 
INITIAL 


GROWTH 

26,994 

37,342 

32,442 

(50%) 


TOTAL 

77,981 

112,026 

97,326 
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Table 3.2-S. Reference Configuiation Enogy Convoaon E.O.L. (30 years) 


Array specific output at I sun direct 
illumination (2-iniI coverglass. SS°C)* 

Array temperature degradation 
(89‘’C) at C R = 2 

Array specific output (89®C) from 
reflected sun 

Reflector flatness factor 5% 

Net output increment due to 
reflectors 

Integrated specific output 


-15.7 W/m2* 
461.8 W/m^* 
- 9.1 W/m^ 


Effective CR = 


integrated output 
1 sun direct output 


Efficiency 


1.31 


119.1 W/m2 


37.0 W/m^ 
156.1 W/m^ 


= 5.6% 


* Items subject to degradation 


SI>».4I9 


• INITIAL SPECIFIC OUTPUT" 264.9 W/M^ 
EFFICIENCY - 9.55':; 



origin 

OF POOR QUALUno 


Figure 3.2-6. Array “CR = 2” Integrated Degradation 
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The comparison of savings to be encountered for different maintenance schedules for a hypothetical 
1985-18 percent silicon solar cell was needed. 

Knowing the volt-ampei? characteristics of the solar arrays, degradation was taken into account and 
curves for short-circuit current, open-circuit voltage, maximum power voltage, and maximum power 
vs. years of operation were generated, as shown in Figure 3.2-7. 

From this data three approaches were considered for installing the strings of solar cells in the array. 
Scheme I uses the total array installed initially, scheme 2 has its initial array sized to accept a five 
year add-on schedule, and scheme 3 has its initial array sized to accept a one year add-on schedule. 
All three schemes were analyzed using a lower limit of 17.6 GW and letting the initial array reach its 
maximum power voltage at 30 years. The three schemes are shown in Figure 3.2-8. 

It is evident that a savings of over three percent can be realized by using the five year maintenance 
schedule over installing the total array initially. A savings of only 0.80 percent can be realized for 
using the one year over the five year maintenance schedule. 

Thermal annealing is probably the best method of restoring a degraded solar-cell array. Investigators 
at Simulation Physics, our subcontractor, have found from the literature that thermal annealing will 
restore proton damage. As a part of this study a test was conducted by Simulation Physics in which 
both electron beam and laser heating were used to anneal proton-irradiated cells that had been 
severely damaged by the equivalent of 10^^ one-MeV electrons. About 50 percent of the lost capac- 
ity was restored. Results are reported in more detail in section 3.2.5. 

The concentration ratio 2 configuration revised to meet the requirements of a 5 year power output 
maintenance is considerably larger as shown in Figure 3.2-9. A trough was added on each side and 
the overall array was increased in length by more than 3 KM. 

3.2. 1.4 Nonuniform Illumination Analysis 

At a given illumination intensity and temperature the current and voltage of a solar cell will always 
correspond to some point on the cell's volt-ampere curve. The cell is oblivious of external circuit 
elements and parameters. 

Shown in Figure 3.2-10 are two volt-ampere curves, one for a fully illuminated cell and the other 
for a cell which is not receiving illumination from one of the reflectors. The poorly illuminated cell 
runs cooler, hence can produce higher voltage, but its maximum current is less. Both cells, being m 
series, must carry the same current. The dimly lit cell cannot carry much more than its short-circuit 
current, because if forced to do so, it would act as a reverse-biased diode and absorb voltage. 




1 2 3 4 5 6 7 3 9 10 15 20 25 

YEARS OPERATION 


Figure 3.2-7. Degradation Effect on Power and Maximum Power Voltage 
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POWER 

(CW) 



POWER 

(GW) 


POWER 

(GW) 




Figure 3.2*8. Alternatives for Power Maintenance 
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• MINIMUM GROUND OUTPUT « 10 GW FOR 30 YEAR LIFE 

• 6 YEAR POWER OUTPUT MAINTENENCE PLAN 

- TOTAL AREA “ 244 Km2 

- TOTAL ACTIVE ARRAY - 116 6 KM2 

- INITIAL ACTIVE ARRAY - 95.9 KM^ 

- INITIAL MASS • 102.015 MT x TROUGH RESERVED FOR 

/ ADDITIONAL ARRAY (18%) 



Figure 3.2-9. Array Addition Silicon Configuration 


SK-i3? 

500 

400 

300 

CELL 
VOLTAGE 
(mV) 200 

100 

0 



0 20 40 tiO 80 100 120 140 160 180 


CELL CURRENT (mA) 

Figure 3.2-10. Diinnied Cells Limit String Current 
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A solar cell can withstand some reverse bias without overheating. Consider the dimly illuminated 
cell. At its maximum power point it receives 196.2 mW/cm^ of sunlight, and radiates 182 watts of 
this as heat. At zero voltage it would radiate as heat all of its input, and at 380 mV reverse bias it 
would ladiate 210 mW/cm“. All of these values of radiated heat are less than what the cell nonnally 
radiates when illuminated with 250.3 mW/cm“ of sunlight. 

If only 15 percent of the string is dimmed, then the fully illuminated cells can produce 15 percent 
extra voltage by dropping back to 74 percent of their maximum-power current, reducing string out- 
put at 44 KV by 26 percent. Thus it can be seen that partial shadowing causes a disproportionate 
reduction of string output. 

Further examples of the effect of reflected-sunlight loss are shown on a plot of string output as a 
function of average illumination of the cells in a series string (Figure 3.2-1 1 ). By average illumina- 
tion is meant the sum oi sunlight times area falling on fully illuminated cells, plus that on partly 
illuminated cells, divided by string area. 

The solid line represents the maximum output that the string can have, assuming that illumination 
intensity does not change cell efficiency. Note the suppressed zeros on the axes. 

Again it is evident that reflector defects significantly reduce string output. 

The reference CR=2 structural configuration requires beams crossing the reflector ridges in the 
manner shown in Figure 3.2-1 2. A solar cell under the beam would see at times 0.5-meter sections 
of the beam cross the Sun’s disk. If the 0.5m beam is 520zn above the solar cell, it could absorb 14 
percent of the sunlight that would otherwise arrive at the cell. 

The best arrangement for the solar cell strings would be one in which the beam shadow passes over a 
few strings in the trough, rather than crossing all the strings in the trough. 

3.2.1 .5 Configuration Comparisons 

A series of configuration comparisons was developed to show the influences of the major tradeoffs. 
A gross cost estimating model, derived from the more detailed cost estimates described in section 
3 7, was used for cost comparisons. 

All satellites were defined to provide a minimum of 10 gigawatts throughout their 30-year life. The 
one reference system shown in Figure 3.2-13 is a beginning-of-life sized system comparable to the 
JSC point-of-departure configuration. It is compared to a 30-year, initially oversized system. Initial 
oversizing is a severe penalty; and there are better solutions. 
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Figure 3.2-1 2. Solar Cell View of Sun behind 
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The set of comparative configurations shown in Figure 3.2-14 assumes geosynchronous construction 
and concentration ratio 2. The oversized configuration has an estimated cost of some 15 billion dol- 
lars. An improved way to take care of the end of life/beginning of life problem is to add array at 
intervals. We found that a 5-year interval achieved most of the gain. Shorter than 5-year intervals 
provided little further improvement. Annealing provides the least-cost approach. 

The satellite configurations illustrated in Figure 3.2-15 compare concentration ratio 1 (no concen- 
tration) and concentration ratio 2 with array addition fo' power maintenance. Although the CR2 
system is very slightly lower in mass, its larger size and greater complexity result in somewhat higher 
cost. 

As illustrated in Figure 3.2-16, the CR2 versus CRl trade strongly favors CRl with annealing. This 
is because the reflectors of the CR2 configuration also degrade, but car.;iot be restored by anneal- 
ing. Therefore, the satellite must be oversized as required to compensate for reflector degradation. 

Annealing shows a major advantage over array addition for the LEO assembly option. This is 
because the solar blankets used to power the transfer are severely degraded (about 50%. depending 
on coverglass thickness and transfer time) and the satellite must be correspondingly oversized. In 
the transportation study, an analysis of the use of thicker covcrglasses on that portion of the array 
used for transfer power showed that the added mass of coverglass almost exactly countered the 
reduced degradation; no cost advantage was found. The power maintenance options for LEO assem- 
bly are compared in Figure 3.2-17. 

The additional radiation exposure resulting from the LEO/GEO transfer also increases the advantage 
of CRl over CR2, again because reflector degradation cannot be restored The comparison is shown 
in Figure 3.2-18. 

The LEO versus GEO trade is summarized in Figure 3.2-19 for the case without an annealable array. 
The best maintenance scheme is then adding array at five year intervals; and here we have an indica- 
tion of a switchover. (Detailed transportation cost analyses, however, indicate a slight advantage for 
LEO.) The reduced cost of transportation is countered by the higher acquisitions cost for the larger 
and more massive LEO assembly self-power option. LEO assembly with the annealing-capability 
CRl configuration shows a significant cost advantage because transfer degradation penalties are 
minimized. 

Silicon performance sensitivities, starting from a reference figure of 18% and dropping 2 points per 
step, are shown in Figure 3.2-20. Even at 14% efficiency there is not a dramatic change in either 
mass or cost. This indicates that achieving low cell costs is much mere important than maximizing 
efficiency. 
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SPS736 


Radiation Decadal ion Requires Siting Penalty for 
30-Year, 10 CW Minimum Output 




REFERENCE 

SILICON 

CR«2 

10 GW BOL 

TOTAL AREA; 146 Km* 
ACTIVE ARRAY AREA: 70 KM* 
TOTAL MASS: 64,883 MT 



O 5076m 4 

♦ ^ 




(-41 28800m ► 



SILICON 

CR-2 

10 GW FOR 30 YRS. 

VIA INITIAL OVERSIZE 

TOTAL AREA: 263.1 Km* 

ACTIVE ARRAY AREA: 120.S Km* 
TOTfLMASS: 105.794 MT 


Of 


" T " 

{0*61 4m 

_L 


33,245m 


Figure 3.2-13. Silicon Satellite Sizing for 30-Year Minimum Output 


SPS 736 


SILICON 


Periodic Array Additions Reduce initial Cosi Outby by \i'i 
(4‘'-r YobI Wiihoui Intcrrsi) 

Annealed Satellite 2\7' Less SS Titan Oversired Satellite 


30 YR. OVERSIZE 
CR-2 

10 GW MIN. FOR 30 YRS. 

TOTAL AREA; 253.1 Kn.* 

ACTIVE ARRAY AREA; 120.5 Km* 

MASS 105,794 MT 

FRODOCTION COST $ - 10® 6844 0 

TTALCOST S~106 15446 0 


ARRAY ADDITION 
CH-2 

10 GW MIN FOR 30 YRS. 
TOTAL AREA: 

ACTIVE ARRAY AREA; 
MASS: 

PRODUCTION COST S ~ 10® 
TOTAL COST S ~ 10® 


238.3 Km* 

90.3 Km* (113 3 EOU 

86295 MT (100,480 EOLI 
6171.6 (6642 6 EOLI 

131<i4.6 (14811.4 EOLI 


32,245m 


7614m 


-fO 


-- 31,297m — 


7614m 


+0 


ANNEALING 


CR-2 

10 GW MIN. FOR 30 YRS 
TOTAL AREA: 182.2 Km* 

ACTIVE ARRAY AREA: 86.4 Km* 

MASS- 76,075 MT 

PRODUCTION COST $ ~ lO® 5956 5 
TOTAL COST $ -lo® ’*’^*^ * 


o 

— 28,715m 

634 

6ri 

1 
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Fig’jre 3.2-14. Silicon Satellite Different Approaches to 30-Year Minimum Output 
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Fer GEO AssemMed Silicuo Salelltles WiUMwi Aiintsling. 

CR 2 Impact wi Costs Other Than Amy Resoll in 4'- 
ArKnntay to CR I E>wo Though Clt I is Iniiially S'r Heavier 


at »2 

TOTAL AREA: 

ACTIVE ARRAY AREA: 

MAS: 

MWOUCTIONCOST: 
TOTALGOST: S~ieS 


CR»1 

TOTAL AREA: 

ACTIVE ARRAY AREA: 

MASS: 

PROOUCnONCOST: 

TOTAL COST: $~10* 


283JKii|2 

80589 MT 

6171.6 

I3I84J6 


(113J EOLI 
(W0.4EO EOU 
(6642.6 EOLI 
(1481IA EOU 




31297B> 


■I 

761 An 


161.8 Kv? 
1138 Km^ 
84.575 MT 
57848 
128558 


(1418 EOLI 
(180887 EOU 
(62448 EOU 
(14RM8EOU 


- 27936ID 5076b 






a 


o 



Figure 3.2-15. Sflkon Si'tdlite, CR 1 vsCR 2, No Annealing 


SPS738 


The CR2 vs OKI Coinparisoa Enipliasired when 
Amy Degradation Reduced Via Anneaiing 
(4?! CRI Advantage Grows to C- ( 


aLICOW-10 GW MIW. FOR 30 YRS. VIA ANWEALIWG-CrO ASSEMBLY 


CR-2 


TOTAL AREA: 1828 Km> 

ACTIVE ARRAY AREA: 86.4 Km^ 

MASS: 78875MT 

PROOUenONOnT S-IO^ S8S6.S 

TOTAL COST $- io6 12.1458 




o 


a 








CR»1 


TOTAL AREA: 1068 Kb* 

ACTIVE ARRAY ARi:A: 106.5 Km* 

MASS: 71.728 MT 

PROtHKH’IONCOST S^IO* 6682.5 

TOTAL COST S~I0« 11408.1 


h 


13887m 



7614m 



Figure 3.2-16. Silicon Satellite CR2 vsCRl With Annealing GEO Assembly 
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s«ja 4. 10 GW roR_> Yf 

tE-.’ ASarMe\v JAI WTAINED V IA AR RAY i 


fOTAL JJIEA; 

ACTIVE ARR AY AREA: 
MASS: 

KUX>UCTlC-N COSTS~10^ 
TOTAtCOCT S~10® 


309.SKm^ 

122.8 Km^ (147.5 EOU 
1 10.426 MT 1130.267 EOU 
7047.1 (7664.1 EOU 

14399.2 (16306JEOU 



MAIWT AIMED VIA AlWEAUWG 

TOTAL AREA: 182.2 Km^ 

ACTIVE ARRAY AREA: 86.4 Km2 

MAS2: 78515 MT 

PROOUCTK>NCOSTS-''10B 8032.1 
TOTAL COST S~1q6 11327.5 



Figiue 3.2-17. Silicon Sateflite Power Maintenance for LEO Assembly 



cn -1 

TOTAL AREA: 106.5 Km^ 

ACTIVE ARRAY AREA: 106.5 Km^ 

MASS: 73.177 MT 

TROOUCTION COST: S~10* 5620.2 

TOTAL COST: S'- 10® 10535.8 



Figure 3.2-18. Silicon Satellite CR 2 vs CR 1 With Annealii^ UEO Assembly 
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Sti1» 


CEO Asscmbl> Mace Atinctne for Amy Addition Maintenance 
Scheme Due to Severe Cell Deeradation in Orbit Transfer 
<ri Initial $.9% Totals* 


SILICON - 10 GW MIN f OH 30 YRS. VIA ABHAY AOOITIOW 


LEO ASSEMBLY 


CR-2 

TOTAL AREA; SM.SKm^ 

ACTIVE ARRAY AREA; 122 8 Km^ 
MASS; 110.42SMT 

PHOWJCTION COST; S~I0« 7047.1 
TOTAL COST; S~10* 14399.2 


11475 EOLI 
(1X.267EOL) 
(7S64.1 EOLI 
(163UJEOU 



GEO ASSEIMLY 


CR*2 

T 'TAL AREA; 283.3 tCm* 

ACTIVE ARRAY AREA: 79.8 Km^ 

MASS: 80.529 MT 

ERODOCTION COST- S~I0* 6171.6 

TOTAL COST: S~10* 13184.6 


(113.3 EOLI 
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Figuie 3.2-19. Silicon SatdUte Periodic Amy Addition LEO vs GEO AsscmUy 
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Figure 3.2-20. Silicon Satellite @ CR=1 Sensitivity to CeO Performance 
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Tke pilhuni arsenide solar cell mad array analyses were performed by Hi^ies Research Laboratories 
(301 1 Mrfibu C«^on Road, Ifadibu, Ctf f. 9026S) umler subcMtract. Then report is Mduded here 
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GaAs SOLAR CELL STUDY FOR 
SOLAR POWER SATELLITE 


S. Kamath, R.C. Knechtli, and R. Loo 
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Final Report 
Contract N-933265-9167 
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SECTION 1 

SOLAR CELL PERFORMANCE PREDICTIONS 

A. EFFICIENCY AT ROOM TEMPERATURE 

Our purpose is to predict the performance to be anticipated 
from optimised Ga^As solar cells in the 1990 time period, for solar 
power satellite (SPS) applications. To this effect, a single-crystal 
structure of the type illustrated on Figure 1 is considered first. This 
structure is basically the same as that used in experimental cells pre- 
sentiy mider development at Hughes Research Lalmratories and at 
other laboratories. The etiiciency of a cell of tiiis type has been 
calculated for a number of combinations of design parameters. Repre- 
sentative results of our calculations for operation at room temperature 
amd in the tiisence of radiation damage are reproduced on Figure 2. 
These calculations correspond to the following values of the critical 
design parameters, sdiich we consider realistic for future of^mized 
solar cells: 



Doping level of GaAs: 

Njj = 2* 10*^ cm"^ 

N. = 2* 10^® cm“^ 
A 


Minority carrier 1 
Diffusion length in I- 

Lp = 3 pm 


GaAs J 

L^ = 6 pm 


(AlGa)As window 
thickness 

D = 0. 2 pm 


Normalized series 
resistance 

R^ = 0. 1 n cm^ 

8 


Shadowing ratio 

5% 


Values of the parameters shown above have already been mea- 
sured in selected samples of GaAs material or on experimental solar 
cells, even thoi^;h the combination of all the above parameters in one 
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Fig. 2. AMO efficiency an<< short-circuit current density 
of (AlGa)As GaAs solar cell. 
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optimised solar cell has not yet been accomplished. The rate of 
progress toward achieving such optlmisatton has» however, been 
rapid enough to give us confidence that the type of performance pre- 
dicted by Figure 2 will be available by 1990, for practical GaAs solar 
cells. This rate of progress can be illustrated by the data of Figure 3 
which shows how the maximum efficiency of 2 -cm x 2 -cm GaAs solar 
cells made at the Hughes Research Laboratories has been increasing 
with time. It should be noted in the same context that IBM has already 
succeeded in making a limited number of smaller-area cells (-0. 1 cm^) 
with an AMO efficiency as high as 18. 5%. 

On the basis of these results and of the above considerations, 
the beginning-of-life efficiency of a GaAs solar cell under AMO illumi- 
nation and in the absence of solar concentration is predicted to be, for 
the 1990 time period: 


n (AMO) = 20% 


B. EFFECT OF TEMPERATURE ON EFFICIENCY 


Conventional solar cells are optimized for room temperature 
operation. When a cell operates at elevated temperatures there is a 
significant decrease in the cell's open-circuit voltage and a slight 
increase in the short-circuit current. 

The open-circuit voltage is expressed as 


V = 
cc 



is the diode saturation current given by 


J ^ 
o 



( 1 ) 


( 2 ) 
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Fig. 3. Hughes Research Laboratories GaAlAs/GaAs solar cell 
efficiency. 
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where 


E 

.-iL 

n?(T) = N^N^e (3) 

The variation of with temperature has been calculated from 
these equations and is shown on Figure 4. A representative set of 
measured values is also shown on Figure 4, and is found to be in 
reasonable agreement with theory. 

The variation of the short-circuit current with temperature 
is determined by the temperature variation of the optical absorptions 
coefficient and of the minority carrier diffusion length. thu« affecting 
the quantum efficiency. The relative importance of these effects on 
non-optimized GaAs cells is illustrated by a representative set of 
measurements reproduced in Figure 5. In an optimized cell, how- 
ever. the quantum efficiency is expected to be close enough to unity so 
that this effect becomes less important. For a conservative estimate 
of the variation of the total AMO efficiency of an optimized GaAs solar 
cell as a function of temperature, we therefore do not include the 
effect of increasing with temperature. The predicted variation of 
efficiency with temperature is illustrated on Figure 6 for two cases: 
the conservative case just outlined above, and the case where I 

sc 

increases with temperature at the rate determined experimentally on 
Figure 5, between 300 and 400 K. 

C. THIN FILM VERSUS SINGLE CRYSTAL CELLS 

The predictions of performance given above were made for 
single-crystal solar cells. Thin-film cells will approach the same 
performance under the following conditions: 

• GaAs film thickness t is large when compared to optical 

absorption depth l/o; t >(l/o-) where a = optical 
absorption coefficient of GaAs for photons of an energy 
larger than the bandgap of GaAs. 
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Fig. 4. Open-circuit voltage versus temperature. 


^gjnal Page is 
OP POOR QUALnY 


63 




SHORT Cl 


D180-20689-2 



Fig. 5. Short-circuit current versus temperature in experimental 
(AlGalAs-GaAs solar cell. 
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temperature, ®K ► 


Fig. 6. AMO efficiency versus temperature. 
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• Size of individual crystals is large when compared to 
Ha, if GaAs film is polycrystalline. 

• Negligible leakage current occurs along crystal bounda- 
ries, if GaAs film is polycrystalline. 

The first condition is required for efficient absorption of the 
light in the GaAs thin film. Insofar as O'»10^ for GaAs, this first 
condition will conservatively be satisfied for any film thickness 
t > 10 pm. 

The second condition is required to avoid excessive surface 
recombination losses at the crystal boundaries, assurriing that these 
boundaries exhibit a high surface recombination velocity. This second 
condition is also likely tc- be s. tisfied if t >10 pm if the crystal 
sions are on the order of the film thickness t. 

The third condition must be satisfied to avoid loss of 'en- 
circuit voltage. The ability to avoid leakage current along cr , ’■ 

boundaries depends on surface doping and on surface states: it is inti- 
mately related to the thin-film growth technique to be used. 

A number of thin-film growth techniques applicable to GaAs are 

presently under investigation. They include: (1) the vapor-phase 

1 2 

chloride system, (2) the peeled film technology, (3) metalorganic 

3 4 

chemical vapor deposition, ’ and (4) the planar reactive deposition 

5 

technique. The vapor-phace chloride system so fas has beer, used 
mostly for the growth of AlAs or GaAs, it is also being considered 
for the growth of GaAs on low-cost substrates. Tfe planar reactive 


1. W.D. Johnston, Jr., and W.M. Call.ihan, Appl. Phys. Lett. 28 , 
130 (1976). 

2. M. Konagai and K. Takahashi, Proc. of the International Sympo- 
sium on Solar Energy (Electrochemical Soc. , May 5-7, 1976, 
Washington, D C.), p. 154. 

3. P, Dapkus, Proc. of ERT;A Semiannual Solar i^hotovclf aic 
Program Review Meeting (Aug. 3-6, 1976, Oruno, Maine) p. 714. 


4. 


5. 


S. Chu, ibid, p. 7.’'7, 

K.R. Zanio, ibid, p. 921. 
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deposition technique has been used so fer for the growth of InP. but it 
can also be modified to grow GaAs thin film. *n4e other two techniques 
are presently being eiqdored directly for GaAs and (AlGa)As. 

Because of the early stage of these investigations, no meaning- 
ful experimental data are yet available to show if any penalty will 
ultimately be associated with the thin-film approach, when compared 
to the single-crystal approach. The only meaningful prediction at this 
time for the performance of future thin-film GaAs solar cells remains, 
teerefore, the limiting-case prediction of a performance equal to that 
of the single-crystal cells considered ^x>ve. 
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67 



D180-20689-2 


SECTION 2 

EFFECT OF RADIATION DAMAGE ON 
SOLAR CELL PERFORMANCE 

A. INTRODUCTION 

The solar cell performance predictions given in Section 1 
correspond to beginning-of>life conditions (ik> radiation damj^e). In 
the SPS application, hovi^ver, high-energy-particle radiadion is present. 
It is therefore important to evaluate the effect of this radiation on the 
performance of theGaAs solar cells considered for this application. 

Solar cell radiation damage in a sj^chronous orbit results fro.n 
dam^e induced by protons and electrons. In solar cells, damage pro- 
duced more than a few diffusion lengths from the junction edge has no 
effect on either the photocurrent or saturation current. The penetra- 
tion depth for a high-energy proton is deeper than for a low-energy 
proton. Thus for a high-energy proton, the distribution of damage 
centers in the solar cell can be considered in first approximation to be 
uniform, with most damage centers located far av/ay from the junc- 
tion. On the other hand, damage centers produced by low-energy pro- 
tons are not uniform and can do considerable dam<^e to the junction 
space-charge region. This increases the diode saturation current and 
decreases the fill factor. This kind of damage can cause serious 
reduction in the solar cell open -circuit voltage in addition to 

reducing the diffusion length, the quantum efficiency, and the short- 
circuit current. Minimal shielding, however, will make these low- 
energy proton effects negligible. Electron damage in general is not as 
severe i«s proton damage because the electron mass is considerably 
smaller than that of the proton, 

Oamage-equivalent, normally-incident (DENI) radiation has 
been established as a laboratory tool to simulate omnidirectional 
radiation in space. It is used in this section for the evaluation of the 
effect of radiation damage on the GaAs solar cells. DENI allows the 
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calcul^ion of an equivalent li^ratory monoenergetic, normal-incidence 
radiation fluence # equivalent to all components of the actual space 
radiation. This equivalent fluence # is defined by the followiiu{ 
relationships: 


* 

e 


53 (♦ C>E) - ♦(>£ + AE)1 X D(E, t) 
E=o 


(4) 


where 

4^ = the damage equivalent 1 MeV electron fluence (or 10 MeV 
proton fluence) incident on a solar cell without coverglass. 

#(>E) - 4(>E+AE) - the isotropic particle fluence having ener- 
gies in a small energy increment AE greater than energy E, in 
the space orbit of interest. 

D(E,t) = the relative damage coefficient for isotropic fluence 
of space particles of energy E on solar cells shielded by a 
cover glass of thickness t. 

For Si solar cells, it has been found that a 10-MeV proton fluence 
can be converted to equivalent 1-MeV electron fluence as follows: 

^ (1 MeV electrons) = 3000 • 4 (10 MeV protons) (5) 

This relationship is an approximation for silicon only. For GaAs, the 
conversion factor has not yet been determined. For the present esti- 
mate, however, it will be assumed to be of the same order of magnitude 
for GaAs as for Si. This leads to the observation that in synchronous 
orbit, most of the damage can be expected to be due to the proton flux 
rather than to the electrons (see paragraph 2. D). Our present esti- 
mates of GaAs solar cell radiation damage and life for SPS applications 
will therefore be based on proton radiation damage in this first-order 
approximation. 
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B. RELATIVE DAMAGE COEFFICIENT 

The relative damage coefficient D(E. t) is determined by the 
relative density of damage centers produced in the semiconductor. 

This density is expected to be determined by the total range of the inci- 
dent particles that penetrate the semiconductor. This range is related 
to the incident particle energy, the angle of incidence, and the cover- 
glass thickness. The range of proton tracks in GaAs is almost identi- 
cal to the range in Si (see Ref. 6). For the present estimates, we take 
therefore the relative damage coefficient D(E. t) for GaAs to be the 
same as for Si, as far as proton radiation damage is concerned. For 
the present first-order calculations, the values of D(E,t) used for the 
GaAs solar cells as a function of coverglass thickness arc therefore 
the same as those which have been established for Si and which are 
given in Ref. 7. (As will be shown Rirfiier on, this does not mean that 
the damage constants are the same for GaAs and for Si.) 

C. RADIATION ENVIRONMENT IN SYNCHRONOUS ORBIT 

To determine the solar cell performance degradation caused by 
radiation, the radiation environment to which these cells are exposed 
must be defined. To this effect, the radiation environment of an SPS 
in the synchronous orbit is assumed to be the same as that applicable 

O 

to Intelsat. The corresponding electron environment in synchronous 
equatorial orbit is represented by the following expressions for the 

O 

time average integral fluence spectrum ; 

E< 0.3 MeV: logjQ *g(>E) = 03.0 E + 7.7 (6. a) 

0.3 < E < 3.5 MeV: log^^ «^.(>E) = -1.25 E +7.2 (6.b) 

o'! R. Hart, "Proton-Induced Atomic Displacements in Si and 

GaAs," Internal Departmental Correspondence, HRL, Aug. 2,1976. 

7. J.R. Carter and H. Y. Tada, "Solar Cell Radiation Handbook, " 
Report No. 21945-6001-RU-00, TRW Systems, prepared by 
Jut Propulsion Lab Contract No. 953362 and NAS 7-100, June 
1973, pg. 4-6, 4-13. 

8. Solar Cell Array Design Handbook, Vol. 1, JPL, October 1976, 
pg. 2.S-I, 2.S.8. 
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This ftuence represents the number of electrons per cm^ per 
sec above energy E in MeV. The integral proton ftuence spectrum for 
the missicm is represented by the following expressions 

0.01 ^ E < 1.0 MeV 


♦ (>E) = 6.5 X 10*^ exp(-9.0E) ■ (7. a) 

^ cm • year 

1.0 < E MeV 

♦ (> E) = 1.5 X 10*^ E'** — p^roto t ^ 

^ cm • cycle 

D. EFFECT OF RADIATION DAMAGE ON (GaAl)As-GaAs SOLAR 
CELL CHARACTERISTICS 


The damage equivalent fluence for both protons and electrons 
is calculated using the procedure outlined in paragraph 2. A and the 
relative damage coefficients given in Ref. 7. The fluence spectrum 
for both electrons and protons in synchronous orbit and used in this 
calculation is that defined in paragraph 2. C. Table 1 shows the 
results of this calculation of the equivalent fluences of 1-MeV electrons 
and of 10-MeV protons as a function of coverglass thickness.'*' Table 1 
shows that the normalized 1-MeV electron fluence exceeds the 
normalized 10-MeV proton fluence by less than two orders of 


*TabIe I refers to "coverglass thickness, " with the implication that 
the radiation protective material provided on the solar cell surface 
is glass. The relevant parameter for radiation protection is, how- 
ever, the density of the material multiplied by its thickness. The 
primary parameter in Table 1 is therefore the coverglass thickness 
expressed in g/cm^. The actual thickness in mils given corresponds 
to the density of glass. Other materials can be used to provide the 
same protection, provided the thickness of such material is related 
to the thickness of the equivalent glass cover by the ratio of the 
density of this material to the density of glass. 
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Table 1. CalcaUtion of Yearly Equivalent Fluence in 
Synchrcmotts Orbit 


Coverglass Thickness 

Electrem Fluence 
(Normalized to 
l~MeV electron) 

Pre^on Fluence 
(Normalized to 
1 0 MeV protem) 

g/cm2 

mil 

electr<ms/cm^ 

protons /cm^ 

0 

0 

6. 7 X 10*^ 

14 

2. 18 X 10 ^ 

0. 168 X 10'* 

3 

4.64 X 10*^ 

1.67 X 10*^ 

0.335 X 10'* 

6 

3.72 X 10*^ 

8.02 X 10** 

0.671 X 10'* 

12 

2.65 X 10*^ 

3.71 X 10** 

0. 112 

20 

1.83 X 10*^ 

2.08 X 10** 

0. 168 

30 

1.21 X 10*^ 

1.33 X 10** 

0.335 

60 

4. 04 X 10*^ 

6. 16 X 10*** 


magnitude. Alternately, the radiation damage caused by a lO-MeV 
protMi is expected to be at least three orders of nrtagnitude worse than 
that produced by a 1 MeV electron. (See paragraph Z. A and eq. (5). ) 
This leads to the observation of paragraph 2. A that proton radiation 
damage will be predominant, and that electron radiation damage can 
be neglected in our first-order estimates. The equivalent lO-MeV 
proton fluencc shown in Table I for various thicknesses of cov'erglass is 
also plotted in Figure 7, for 33 years of synchronous orbit. 

The damage equivalent fluence can now be used to determine 
the degradation in the minority carrier diffusion length and the result- 
ing loss in solar cell efficiency. Equation (8) characterizes the 
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Fig. 7. Calculation of lO-MeV proton equivalent fluence level in 
synchronous orbit as a function of coverglass thickness, 
for 33 years. 
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degradation of solar cells in terms of the chaises in the minority 
carrier diffusion length L; 



* 


( 8 ) 


where is the initial value of the diffusitm length and L is the final 
value. is the damage constant which is directly proporticmal to 
Uie density of recombination centers. Once the damage constant 
and 9 are known, then the cell's short-circuit current density 
open-circuit voltage maximum power output power 

efficiency (n) can be calculated using the same basic solar cell equa- 
tions used in Secticm 1. 

The damage constant for silicon has been measured as a 
hinction of incident particle energies and is tabulated in Table 2. 


Table 2. Diffusicxi Length Damage Constant for Proton Irradiation 


Energy (MeV) 

(Si) 

1 

(GaAs) 

2 MeV 

8 X 10'^ 

16 X 10'^ 

7 

4 X 10"^ 

8 X 10’^ 

10 

3. 5 X 10'^ 

7 X 10’^ 

30 

3 X 10'^ 

6x10’^ 

70 

1.8 X 10'^ 

3. 6 X 10"^ 

100 

1.6 X 10'^ 

3.2 X 10“^ 

155 

J 

• 

X 

1 

2. 6 X 10"^ 
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Furthermore, we estimate (Ref. 6) that the atom displacement 
density caused by proton impact in GaAs is approximately twice that 
of silicon. If one assumes that the recombination center density is 
proportional to the atom displacement density in both materials, and 
since is also directly proportional to the recombination center 
density, then one can expect for GaAs to be two times larger than 
for silicon, for the first order approximation. This is also shown in 
Table 2. With the values of given in Table 2 for GaAs and the 
values of equivalent 10-MeV proton fluence shown in Figure 7, the 
corresponding values of minority carrier diffusion length, short 
circu’t current density, and solar cell efficiency after 33 years 
(3 solar cycles) in synchronous orbit can be calculated. The results 
of such a calculation are summarized on Table 3. The solar cel! 
efficiency anticipated after 33 year life according to Table 3 ' plotted 
on Figure 8 as a function of coverglass thickness. Figure . /ovides 
our best present estimate for the tradeoff between GaAs solar cell 
efficiency and coverglass thickness* for SPS applications, accounting 
for the radiation damage expected from 33 years in synchronous orbit. 

Inspection of Figure 8 shows at once that GaAs solar cells are 
expected to be much more resistant than are Si solar cells to radia- 
tion damage in synchronous orbit. This is consistent with the expecta- 
tion that most of this damage is caused by exposure to high-energy 
protons, provided a minimal amount of coverglass protection is present 
for shielding against the lowest-energy protons. The outstanding 
ability of GaAs solar cells to resist high-energy proton damage as 
compared to Si solar cells had already been observed in the earliest 

9 

studies of GaAs solar cells. A qualitative explanation for this 
capability is the obrervatior that the optical absorption coefficient of 
GaAs is much larger than that of Si. The th'ckness of the active part 

*See footnote to paragraph 2. D for radiation protective cover materials 
different from glass. 

J. Wysocki, "Radiation Studies on GaAs and Si Dcrvicrs, " lEKIC 
Transactions on Nuclear Science, Nov. 1963, p. 60-70. 
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Fig. 8. Power conversion efficiency versus coverglass thickness 
after 33 years in synchronous orbit. 
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Table 3. (GaADAs-GaAs Solar Cell Radiation Characteristics 
in Synchronous Orbit Normalized to 10 MeV Proton 

K = 7 X 10-7 


Coverglass 

Thickness 

(mil) 

Total 

Equivalent 
Fluence /cm^ 
-33 yr. 

Short Circuit 
Current 
Density 
Ig(. mA/cm^ 
5% Shadowing 

Maximum 

Power 

Output 

(mW) 

P 

n 

Power 

Conversion 

Efficiency 

% 

0 

1 5 

7.2 X 10 

6 

6. 79 

5 

1. 5 

2 X 10*^ 

25. 19 

22. 7 

16. 76 

3 

5. 5 X 10*^ 

28. 06 

25. 35 

18. 73 

6 

2.64 X 10^^ 

28.86 

26. 1 

19.27 

12 

1.22 X 10^^ 

29. 36 

26. 56 

19.62 

20 

1 7 

6. 86 X 10*^ 

29. 58 

26. 76 

19 . 77 

30 

4.39 X 10*^ 

29.69 

26. 86 

19.8 

60 

2. 0 X 10*^ 

29. 80 

26. 9 : 

19.92 


of the GaAs solar cell is consequently much smaller than that of the 
Si cell. The minority carrier diffusion length required in the GaAs 
cell is correspondingly much smaller. This means that a higher 
proton fluence will be tolerable in a GaAs cell than in a Si cell, before 
it decreases the minority carrier diffusion length to values sufficiently 
low to have a noticeable effect on the cell's efficiency. 

While the predictions of Figure 2 and the above considerations 
indicate prospects for a suj>erior radiation resistance of GaAs solar 
cells, it is essential to emphasize that the predictions of Figure 8 
still lack a solid experimental foundatifm. One assumption that is 
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open to question is that the recombination center density is assumed 
to be directly proportional to the atom displacement density, with the 
same proportionality constant for GaAs and for Si. 

E. ANNEALING EFFECTS 

The purpose of the coverglass is to prevent radiation particles, 
especially low-energy protons, from reaching the semiconductor and 
producing damage centers. Alternatively, once such damage centers 
are produced, it becomes of interest to examine the possibility of 
removing them from the active regions of the solar cell. This can je 
achieved^ ^ either by thermal aiuiealing or by minority carrier injection 
or by both. Such annealing could permit reduction of the coverglass 
thickness to a nominal value (1 mil or less) sufficient for protection 
against the lowest energy protons only (protons of energy <1 MeV, 
which are expected to be the most damaging ones). 

Table 4 summarizes the results of electron irradiation studies 
and of the corresponding thermal annealing on GaAs material. This 
shows that most of the defects can be annealed at temperatures between 
200C to 300C. In addition to this, Rockwell International has obtained 
encouraging results in annealing (AlGa)As-GaAs solar cells at 
temperatures as low as 125C, after exposure of these cells to 
1-MeV electron radiation. Extrapolation of these results to the GaAs 
solar cells to be used on an SPS is hazardous because these results 
apply to damage caused by electron irradiation. While it is plausible 
that similar effects will be available to anneal radiation damage due to 


^®D.V. Lang and L.C. Kime.ling, "Observation of Recorr. unation- 
Enhanced Defect Reactions in Semiconductors," Phys. Rev. Letters 
Vol. 33. No. 8, Aug. 1974. 

^^J.F. Madewcll and A. A. Nussberger, "A Solar 't)Wt r .System with 
GaAs Solar Cells," AIAA Conf. <in the Future of AiTospaee Power 
Systi;ms, St. Louis, Mo., Marcli 3, 1977. 
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Table 4. Electron Irradiation Thermal Annealing Results 


Authors 

Tfpo of 
MutorUI 

Typo and Enargy 
ot IrradiatiOB 

Lavals Found 

Carrier 
Removal Rata 
cm" * 

Annealing 

Brohm li 
Pursen 

GuAi 

Epituxint 
(liquid phnae) 

Co^® - I.2S MaV 
at room tamp. 





B-Ippa 

(Sn>dopad) 

1-4 X I0‘» e«,-3 


0. 13, 0. 16. 0. 3 *V 
Balow Ec 
(Hall Effect) 

0. 0079 at 297 K 
0.0123 at 77 K 

SOO K 


p-trpa 

(Zn-doped) 

4 X lOl^ cm-^ 


q.OSq and 0. 10 aV 
Above Ev 
(Hall Effect) 

0. 001 1 at 297 K 
0. 0022 at 77 K 

500 K 

Kalms li 
Borger 

CaAa 

Bulk 

all n-type 

electron 

1 MaV 
30 MaV 

Er - 0. 15 eV 
intrinsic defect 

1.6-2. 2 
4. 5-5.9 

200-30t)"(. 
Ea 1 2 eV 


n-type 
(Si -doped) 

2 X 10*7 cin*3 

1 MaV 
30 MeV 

Ec - 0. 02 eV 

i. 1 
7. 5 

200-300«C 

200-300°C 


p-typ« 

(Zn-doped) 

6. S X lOl 7 cm- 5 

1 MeV 
30 MeV 
30 MeV 

Ev + 0. )7 eV 
Ev + 0. )7 eV 
Ev * 0. 06 eV 

2. 7 
6 

4. 5 

150-200OC 

I50-200®C 

150-200’C 

9 

CaAs 

Bulk 

electron 
l.S-2.0MeV 
at 77 K 

Ec - 0. )5 eV 


250 K and 
460 K 

Stein 

CaAa 

Epitaxial 

n-type 

(S-doped) 

2 X I0>5 cm-5 

electron 
2 MeV at 80 K 
neutron at 76 K 

Ec - 0. 14 eV 

2. 9 at 80 K 

3. 0 at 296 K 

250 K and 
500 K 

(mail anr al 
in range 
76-100 K 

Matt«uch 
Ic HcAty 

CaAa 

Bulk 
n-type 
(Si -doped) 

2 X lOH cm'^ 

electron 
7 MeV at 300 K 

Ec - 0. 31 eV 

0. 002 3 at 77 K 

265®C-385®C 
Ea 1. 07 eV 


the proton flux which is of primary concern in the SPS application, 
experimental investigation is still required. 

The thermal annealing time required for effective recovery of 
solar cell performance can be expected to be relatively short, o the 
order of hours at most. This provides the opportunity of periodically 
annealing groups of cells by forcing an adequate forward diode current 
through these cells and obtaining the required temperature by electrical 
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heating over limited periods of time. Assuming therm..l radiation 
cooling of the cells, the cell temperature could, instance, be 
raised from an operating temperature of 50 C to . annealing tem- 
perature in excess of 150 C by providing, via forward current, an 

2 

electric power input of less than 0. Z W/cm . 
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SECTION 3 

EFFICIENCY VS CONCENTRATION RATIO 


The short-circuit current density of the (GaAl)As-GaAs solar 
cell has been derived for a number of conditions. Figure 9 shows 
this short-circmt current density as a function of (GaAl)As window 
layer tt^ickness. The short-circuit current density is seen to increase 
edien the (GaAP *s window layer becomes very thin (D < 0. 5 |jim), 
which favors thin wiiulow layers. 

The total series resistance of tiie cell has also been derived. 

It can be expressed through the following relationship: 


R 

s 


1 2D 

V 


^ b Pf 2 



window contact contact 
layer fingei proper 


(9) 


where 

Ps 

D 

2 a 

b 

w 

h 


semiconductor resistivity ((GaAl)As window layer) 

thickness of (GaAl)As window layer 
f’ iiger leng<.h 
finger spacing 
finger width 

finger height (thickness) 


^^Inierim Technical Report, Contract FT >615-76-0-212, L..C. 1976 . 
1 ^ 

Quarterly Frogres.s Report I, Contract OS-0 1 64, Feb. 1977. 
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01 234S6789 10 

WINDOW LAYER THICKNESS, /un 

Fig. 9. Short-circuit current density versus window layer 
thickness. 
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= resistivity of finger metal 

R = normalised metaU semiconductor contact resistance 
' (Ocm2) 

The first term of the right-hand side represents the resistance 
of the (GaAl)As window layer, the second term represents the losses 
due to the resistance of the contact fingers, and the third term repre- 
sents semiconductor -metal contact resistance. Figure 10 shows the 
t<^al series resistance as a function of window layer thickness. Fig- 
ure 10 shows that for a thin (GaAl)As layer (D < 0. 5 pm) the total 
series resistance increases substantially. This variation of series 
resistance with window layer thickness is only a second-order effect 
for I sur illumination at AMO. However, this may become a serious 
effect for a thin-window (AlGa)As layer at higher concentration ratio. 
Figure II shows the power conversion efficiency versus concentration 
r^io for several thicknesses of (GaAl)As layer. For optimum solar 
cell design as a function of solar concentration ratio, the envelope of 
the curves of Figure 11 can be used. This is shown in Figure 12. 
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0 05 1J0 2 i> 5 to 

0,^ WINDOW LAYER THICKKESS 

Fig. 1C. Series resistance versus window layer thickness. 
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Fig. 11. AMO power conversion versus concentration ratio, 
fo" various window thicknesses. 
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Fig. 12. Power conversion efficiency versus concentration ratio. 
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SECTION 4 

GauAs SOLAR CELL COST AND WEIGHT ESTIMATES 


The estimates of cost and weight of the solar cell payload for 
SPS applications have to be made on the basis of present technology as 
well as on what is ultimately realizable. Practical solar cells made 
today are based on single crystals of silicon or GaAs. Single-crystal 
substrates 8 mil thick have been used successfully for the fabrication 
of GaAs solar cells, and the fabrication method can be successfully 
developed for a manufacturing line. The cost and weight of cells manu- 
factured on this basis are calculated to be below the values both for 
discrete cells with moderate concentration and for flat panels. The 
use of thin-film cells is much more attractive. Even though the tech- 
nology for these cells is still in its infancy, the advantages to be gained 
are significant enough to justify its development. 

In all of our calculations that follow, certain simplifying 
assumptions are made. 

(1) An efficiency of 20% AMO is assumed for the 
GaAs cell, both single-crystal and thin-film. 

It is our feeling that at the present stage of 
GaAs cell technology, any modification of this 
number would be arbitrary. 

(2) The radiation damage in GaAs is not well enough 
understood to justify quantitatively exact predic- 
tions of the end-of-life efficiencies for the cells. 
However, the information available both at Hughes 
and in the literature leads us to believe that 
GaAs cells can be expected to perform with little 
degradation, especially if temperature annealing 
can be used (see Section 2). Since future tech- 
nology will lead to optimization of cell character- 
istics using the guidelines’presently available, 

we feel justified in assuming that an efficiency 
close to 20% AMO can be expected from GaAs 
cells for 30 years in synchronous orbit. 
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(3) The best way to protect the cells from radiation 
damage is still open to some question. Our 
calculations in Section 2 iiuiicate that a glass cover 
of -5 mil would be desirable. However, the 
weight considerations for space applications and 
the complexity of using thick glass covers in 
foldable 1 -mil plastic blankets would lead us to 
believe that plastic cover glasses of the order 

of 1 mil thickness would have to be preferred 
for the present application. In this case, the 
cell efficiency would degrade as a function of 
time in orbit; however, by judicious introduction 
of annealing cycles as discussed in paragraph 2. £, 
the GaAs cells can be expected to recover most of 
their efficiency. With this mode of operation, the 
efficiency of the cells could be maintained close 
to the 20% assumed in the calculations. 

(4) The use of a concentrator and the optimum con- 
centration ratio are dependent on the cost-weight 
tradeoffs between cell cost and concentrator cost. 
At concentrations over 10, cooling becomes more 
and more demanding and has to be factored in. 

The cost of GaAs cells, however, can be estimated 
independently from those for the concentrator, 

and we have done this for several concentrations. 
The decrease of system efficiency due to the con- 
centrator proper is not considered in the simple 
calculations made here, because it is dependent 
on the specific concentrating system. 


A. SINGLE-CRYSTAL CELLS 


GaAs cells with 20% AMO efficiency at ! sun can be fabricated 
with some extrapolation of the present technology available at Hughes 
Research Laboratories. With appropriate radia'.lon shielding, we can 
expect a power output of 27 mW/cm^ from these •-'ells. The cell area 
needed would then be 40 cm^/W. If we assume the cells to be 200 pm 
thick, 40 cm^ would have a weight of 4. 5 g. In large quantities, GaAs 
is expected to cost no more than one dollar per gram for single -c rystal 
material. Since the processing losses are about 50" ., the cost of the 
GaAs for the 4. 5 g of cell.s should he in tlic range of 00. Spectrolah ' 
has estimated that the cost of cell fabrication using our present technique 

-■'Hughes Aircraft Company subsidiary. 
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will be about $2. 50 for a 4 cm^ cell, making it $25. 00 for 40 cnr^. 

Thus, the total cost of 40 cm^ of GaAs i ils would be '■$35. 00 for 
sii^le- crystal cells. The cost of cells would then be $35. 00/ W at 
single -crystal sun concentrations, using 4 cm^ discrete GaAs cells 
with 20% AMO efficiency, and appropriate shielding against space 
radiation. 

For the SPS application, we have to consider the tradeoff 
involved in using moderate levels of concentration to reduce cell 
area. The judgement can be made on the basis of our discussion in 
Section 3. The tradeoff is between the weight, cost, and complexity 
of the concentrator structure with increasing concentration ratio versus 
the simplicity of the total structure \t concentrations below ~10 suns. 

At low concentrations no special cooling of the cells is necessary and 
the concentrator can bemade of lightweight (1 mil thick) plastic. The 
area of cell required, and its weight, will go down by a factor almost 
equal to the concentration ratio. The actual gains will be reduced 
somewhat due to the sun-pointing inaccuracy of the concentrator, and 
due to reflection losses. In our calculations we neglect these factors, 
since a number of improvements on simple concentrator structures 
to reduce the effects of sun misalignment are in progress. Table 5 
summarizes the above cost-weight considerations for various concen- 
tration ratios. 

B. THIN-FILM CELLS 

The alternative to single -crystal cells is the use of thin films 
to produce the GaAs solar cells. Since the minority carrier diffusion 
length in GaAs is of the order of 5 pm, a thin film about 20 pm would 
be adequate to give in acceptable solar cell. This woe 1 be a factor 
of 10 less than the 8-mil single-crystal cells considered in the pre- 
vious section and hence shou d reduce the cell weight proportionately. 
The n'ateria’s cost ,hould also be proportionately lower, and the 
utilization of material ' probably >iore efficient, sim e thin- film 
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Table 5. Cost- Weight Estimates as a Function of Concentration Ratio 
for Single-Cryscal GaAs Solar Cells 


Concentration 

Ratio 

Cell Area 
(cm^/watt ) 

Cell Weight 
(g/watt) 

Power /kW/Kg 
(cell) 

Cost (GaAs) 
($/watt) 


Comments 

1 

40 

4. 5 

0. 2 

35 


.Radiational cooling 
sufficient 

10 

4 

0. 5 

2 

3. 5 

< 


100 

0. 5 

0. 05 

18 

0. 40 


Some cooling 
necessary. 
Concentrator cost? 

1000 

0. 07 

0. 005 

160 

0. 05 


Extensive cooling 
including liquid 
circulation. 

Complex and 
costly concentrator. 
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technology is capable of more efficient GaAs deposition than is 
single ^crystal processing. The processing cost for the cell may also 
be lower ultimately than that for single crystals. However, it should 
be noted that there are still many difficult questions to be answered 
concerning thin-film cell operation and its ultimate reliability. All 
the known results on silicon thin-film technology would lead us to the 
conclusion that, with sufficient time and effort, one could hope to 
develop thin-film cells that could match single-crystal cells. On the 
basis of this projection, we postulate a 25-|jim GaAs thin-film cell on 
a conducting metal film deposited on a one -mil plastic foil. 

The weight of 40 jm^ of 'cell" would be only about 0. 5 g of 
GaAs on such a structure. The weight of the plastic and metal would 
be comparable. The cost of GaAs would be =$0. ‘SO. This means that 
a watt of energy could be produced for a GaAs weight of 0. 5 g, and a 
cost of $0. 50 fo’- materials. No documented forecast for the fabrica- 
tion cost of thin-film cells can be made before further development 
of the relevant fabrication technology. It can be assumed as an 
arbitrary guideline that fabrication costs will ultimately be no higher 
than materials cost. On this basis, a fabrication cost of $0. 50/ watt 
is obtained, leading to a total cell cost of $I /watt. A concentration 
of -5 can be considered for thin-film GaAs cells. If the plastic con- 
centrator is made as an integral foldable sheet with the GaAs thin- 
film ceil at the focus Of the concentrating structure, the GaAs weight 
and cost can be reduced below that of the continuous thin film. The 
cost tradeoff will be between the simplicity of the thin-film deposition 
in a continuous sheet against the deposition of disc rete elements on the 
concentrator structure. The weight advantage will probably rest with 
the plastic concentrator design if a 1 -mil-or-le ss foil thickness can be 
used economically for this structure. The thin-film cost considera- 
tion can be summarized as follows: 
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Cost-Weight Estimate for Thin Film (GaAs) Solar Cells 

Concentration 

Cell Area 

Cell Weight 

Power/ Weight 

Ratio 

(cm2 / watt) 

fe/watt) 

(kW/kg)(cell) Cost/watt 

1 

40 

0. 5 

2 1. 00 

5 

8 

0. 1 

10 0.20 


All the arguments given in the concentrator design for the 
single -crystal cells are equally valid for the thin-film cells. The 
misalignment with the sun will lower the efficiency somewhat and will 
decrease the cost benefit to be gained from concentration. It would 
also appear that the thin film would be more susceptible to problems 
arising from grain boundaries, especially as the current density 
increases with higher concentration. These factors must be under- 
stood better before quantitative conclusions can be reached. 

C. SUMMARY 

The options for the SPS systems definitions should include GaAs 
cells since they have demonstrated higher efficiency and excellent life 
expectancy and stability from the data presently available. The cost/ 
weight tradeoff with a concentration below 10 and using a simple plastic 
panel seems to be very attractive from projections that can be made 
based on data presently available. These will become even more con- 
vincing if thin-film GaAs solar cells can be developed and shown 
acceptable for long-term space applications. 
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ADDENDUM 

At the time of writing this report, we have obtained preliminary 
experimental evidence on the magnitude of 10-MeV proton radiation 
damage for state-of-the-art (AlGa)As-GaAs solar cells. This indi- 
cates that the values for the 10-MeV proton irradiation damage constant 
Kj^ indicated on Table 2 may be too optimistic. Ad important conse- 
quence of this observation is that the possibilities of thermal annealing 
of radiation damage on these cells may gain critical importance (see 
Section 2.E). The tradeoff between end-of-life (33 years) power con- 
version efficiency and coverglass thickness indicated on Fig. 8 is too 
optimistic. Heavier protective cover thicknesses will most likely be 
required in th„- absence of thermal annealing, leading to unacceptable 
weight penalties. This penalty can be avoided if thermal annealing is 
found to be sufficiently effective. Alternately, a system using rela- 
tively high solar concentration ratios could tolerate relatively thick 
solar cell coverglass without substantial system weight penalty, if 
thermal annealing cannot be relied upon. 
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3. 2 .2. 2 Gallium Required for Solar Power Satellites 

Plotted in Figure 3.2-21 is the quantity of gallium required for each 100 km^ of solar array, as a 
function of thickness of gallium arsenide. The active layer of gallium arsenide need by only 3 to 5 
nm thick. However, a technique is not yet available for making high-efficiency solar cells from gal- 
lium arsenide layers so thin. 

Possible an* .1 U.S. gallium production quantities, shown as arrows, are from “Availability of Gal- 
lium and Arsenic” by Dr. R. N. Anderson, Professor of Materials Science and Metallurgy, Stanford 
University. He states that today’s techniqu**s can recover 10 percent of the gallium in bauxite and 
flyash from coal combustion. Ways of increasing gallium production are: 

o Recover more gallium from bauxite. The French have a process that recovers 20 percent of the 
gallium. 

o Extract gallium ^rom sea water, 

o Develop foreign sources, 

o Extract gallium from oil sludge. 

3.2 .2.3 Gallium Arsenide Configuration Comparisons 

For gallium arsenide, we did not look at array addition as a power maintenance option. Oversizing 
and annealing are compared in Figure 3.2-22. With its less severe degradation characteristics, the 
overall difference for gallium arsenide would be 1 to 2% in total array mass. The initial difference in 
area would only be about 6 to 7% (less than for initial oversizing). The advantages of annealing are 
substantial but certainly not what was seen for silicon. One of tne interesting things about gallium 
arsenide is the low projected dollar value. However, later charts show sor.ic sensitivities which 
should temper that view somewhat. 

Shown in Figure 3.2-23 is the concentration ratio 2 versus concentration ratio 1 r . for geos; - 
chronous construction. With the high cost of the gallium arsenide array CR2 has a slight advantage. 
Piobably the most important factor was the superior performance of the gallium arsenide array at 
concentration ratio 2. The difference is small and it doesn’t account for several other factors which 
would be an eventual trade. 1) Concentration ratio 1, as the construction analysis showed, appears 
to be substantially simpler to build. 2) The smaller satellite will have less problems concerned with 
control 2 .nd station keeping. 
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vmus ^(MyiKdinMKNis witti two different mahitaireioe schemes, aiutetiii^ md MtW o^naa^ 
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3.2.3. 1 Radiation Damage to Thin-Film Solar Cells 

A search for data on radiation degradation of thin-film solar cells was conducted; nothing was found 
in the recent literature. 

A telephone call to Dr. Henry' W. Brandhorst at NASA Lewis Research Center confirmed that no 
radiation damage testing had been done recently on thin-film solar cells. The reason is that develop- 
ment funding provided by ERDA for these cells is directed at terrestrial applications where radia- 
tion degradation is not a problem. NASA Lewis Research Laboratory will radiation-test any thin- 
film solar cells that turn out to be promising for space applications. 

Dr. Brandhorst also e.xplained that the lack of radiation degradation of thin-film solar cells results 
from the fact that long diffusion lengths are not a requirement for thin-film cell operation. The ini- 
tial minority-carrier lifetime in cadmium sulfide, for example, is only 0.5 ns. As a result, a fluence 
of 10*^ one MeV electrons had virtually no effect on the output of the cell. Figure 3.2-29. repro- 
duced from the reference, illustrates the point. 

Dr. Brandhorst felt that the most advanced thin-film cell today is the one being developed by the 
University of Delaware, using cadmium sulfide. They are getting 8 percent efficiency in terrestrial 
sunlight, which corresponds to about 6 percent in space. 

3. 2.3.2 Silicon Thin-Film Concept 

A space-manufactured silicon thin-film process concept was provided by General Electric under sub- 
contract. The remainder of this section presents their report. 

For power satellite applications, the semiconductor thickness and configuration should be designed 
to optimize the cost and mass needed to generate the required power. 

The left hand of Figure 3.2-30 indicates the inherent efficiency obtainable from one ohm-cm Si 
with back surface field as a function of Si thickness (from "Semiconductors and Semimetals”. Vol. 
11. “Solar Cells” by H. J. Hovel. Academic Press. 1975). The efficiency climbs toward a limiting 
value of about 17''/ with most of the increase occuring at thicknesses less than 10 to 20 microns. 
The right hand part of the figure shows the specific power (watts, /gram) considering the increased 
weight of Si as its thickness is increased and assuming this is added to a constant mass consisting of 
10 micron A1 substrate, front metallization of conventional structure, anti-reflection coating and a 
25fJi cover glass on each side of the cell. As can be seen, increasing the Si thickness to 20 microns or 
more causes a drop from the peak specific power which occurs at about 10 microns. This occurs 
because the relative increase in efficiency is less than the relative increase of weight in this range. 
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Figure 3.2-29. Radiation Damage to Cadmhim Suride Film Cefls 
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F^ure 3.2-30. Inherent Efficiency and Spectfic Power Thin Film Sobr CeD with Back Surface Field 
2Sn Cover Glass Each Side 


101 


fg JOOB auAi-ni 



D1 80-20689-2 


Further work is needed to determine the actual efficiencies obtainable. However, it is likely that an 
optimum Si thickness of about 10 microns will still apply. 

Figure 3.2-31 shows the thin film series collection concept. It has the following features; 

o n-p polycrystalline silicon film -Fraction of a micron n-type layer deposited on thin film p-type 
polycrystaline silicon. 

o Grains sufficiently wide to approach single crystal efficiency -calculations by Hovel indicates 
that the grains’ size should be 2-3 times the grain thickness to obtain efficiencies approaching 
single crystal materials. 

o 10 micron alumium backing-it is addaptable to the GE continuous strip production technique. 
The aluminum provides for the series connection through a shingle overlay. 

o Shingle series connections with parallel strip front metallizing-it removes the width restriction 
on the cells and affords a technique for continuous series connections. 

o 25 micron electrostatically bonded glass cover slip-this is specified reference design in this 
study. It is suggested that this should be glass (instead of Kapton) because it can be electro- 
statically bonded (therefore no adhesive required). 

o Silicon thickness chosen to give maximum specific power (near 10 microns)-gives maximum 
power per unit weight. 

o Back surface field to improve initial efficiency and to reduce radiation degradation-adapts 
itself easily to vapor deposition technique using multiple sources. 

The cost of the thin film cells was estimated based on a continuous strip production facility in low 
earth orbit (LEO). 

Material cost is based upon a structure consisting of a lO/a A1 conducting substrate coated with \0n 
of Si. The Schottky banier metallization is a 30 A layer of platinum. 10% of the Pt is covered by 
15p strips of Ag conductor. A 1000 A anti-reflection coating is assumed to cover the front face and 
a 25 ai thick cover glass is assumed on each face. Total weight of the cells is 165 gm/m-. Since 
masks, shields, etc. will become coated with the various evaporated materials, an additional 40% is 
added to the materials cost to cover cost of recovery of this material. Material costs are based on 
current market costs for the metals and semiconductor. Cost of glass encapsulation is based upon 
information from “Integral Glass Encapsulation for Solar Arrays.” 2nd quarter report (Nov. 1976) 
ERDA/JPL 95452 1-7(,/2. 
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Figure 3.2-31 . Thin Film Si on Metal Substrate Series Connection by Shingle Overlap 
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We assume a S40 x 10^ facility cost based on cost data derived for other types of space manufactur- 
ing facilities and satellites. 

The transportation cost to LEO is assumed to be $10/pound. Results are shown in Table 3.2-6. 
3.2.4 Power Distribution for Photovoltaic SPS 


3.2.4. 1 Design Objectives and Assumptions 

The design objective for the power distribution system is to minimize the total SPS mass required to 
generate and convert power, while providing are adequate capability to control and regulate power 
supplied to the microwave power transmission system. Power distribution design requirements were 
stated under requirements item 1.01.01.03 in section 3.1. The principal design assumptions were, 
(1) main power would be distributed at or near 40,000 volts; (2) power processing would be mini- 
mized to the extent practicable; (3) conductors will be passively-cooled, 1mm thick, aluminum 
sheet conductors. This thickness was selected as a minimum-gage value. 

3.2.4.2 Power Distribution Reference Design 


Klystron power and regulation requirements were estimated, including the mi Itiple-voltage require- 
ments for high efficiency depressed -collector operation. The Klystron used as a reference for this 
study required the power supplies indicated in the following table; 


Power Supply 
Collector A 
Collector B 
Collector C 
Regulated Anodes 
(2 ea. 2 1 , 050 V supplies 
in series) 

Heater (30 watts) 


Voltage (VDC) 
40,000±5% 
37,900±5% 
4,210±% 
42,100±5% 


Current (Amperes) 
1.320 
0.616 
0.154 
0.110 


Power for the Collector C. the Regulated Anodes, and the Heater can be obtained from a DC/DC 
converter with outputs for each. A converter efficiency of 96% is assumed. The source for the con- 
verter is the same supply that provides power for Collector A. Figure 3.2-32 shows that the satellite 
can be designed with all solar cell power generator modules of the same design. The thirty power 
generation modules farthest from the rotary joint are connected in parallel and routed over dedi- 
cated conductors to the rotary Joint. The conductor voltage drop is sufficient to drop the supply 
voltage to the required level at the rotary joint. The seventy power generation modules nearest the 
rotary joint are connected in parallel and routed over separate conductors to the rotary joint. This 


104 



D 180-20689-2 

Table :>.2-6. Cost of Prodiicti^ Thui Film Cells 
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• materials 


10 |i Al SUBSTRATE 

$0.0006/W 

10 M Si 

0.0052 

30 I SCHOTTKY BARRIER 

0.0022 

15 n Ag CONDUCTOR 

0.0134 

1000 A ANTI-REFLECTION 

0.01 

25 ft EACH SIDE COVER GLASS 

0.0114 

-0.0228 

RECOVERY FROM MASKS, ETC. 

0.017 

-0.021 

• FACILITY 



FACILITY TO PRODUCT 0.5 X 10®m2/YR OF CELLS. 
COST $40 X 106/FACU-ITY AMORTIZED OVER FIVE 
YEARS 

• TRANSPORTATION 

167 GM/M^ AT $ lO/LB (=$0,022 GM) 

• TOTAL 


onNVian 


$/WATT 
AT 13 EFFr 


0.06 - 0.06 


ORIGINAL PAGE iS 
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0.09-0.10 


0.02 


$0.17 -0.20 WATT 


SPSS? 
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design concept requires a minimum of three slip rings on the rotary joint; one each for the Collector 
A and Collector B supplies, and one for the power return. Overall power distribution efficiency is 
91 %. 

A photovoltaic solar power satellite having a given power output must have array area sufficient to 
generate the regular power, plus an increment of area that generates the power lost in the power 
transmission network within the array. If the array is made larger to take advantage of cells that use 
low in cost but low in efficiency, then the loss-generation requires an increment of array that is 
more remote from the rf amplifiers. The effect becomes more of a problem with lower-efficiency 
cells and with high aspect ratio configurations. 

The effect of transmission losses on array area is shown in Figure 3.2-33 as a function of power dis- 
tribution distance. 

The reference configuration was analyzed to determine the optimum conductor design operating 
temperature for minimizing the total satellite mass. The optimum conductor design operating tem- 
perature is approximately 80°C. As the conductors are made smaller and lighter, their power loss 
increases, resulting in a requirement for more solar array to generate the power to feed the losses. 
The optimum occurs where the rate of array mass change begin to exceed the rate of reduction in 
conductor mass, as shown in Figure 3.2-34. 

The concept for conductor and switchgear installation on the reference configuration is shown in 
Figure 3.2-35. The system electrical schematic is shown in Figure 3.2-36. 

3.2.4.3 Alternate Design Approach 

Since approximately 140,000 solar cells are required in series to yeild 44,000 volts after 30 years, a 
configuration wiiich utilized these cells in a straight line was analyzed for .power distribution losses 
and mass. 

The configuration selected has the cells connected as shown in the inset of Figure 3.2-37. With this 
configuration, no shadowing of the cells by superstructure above the cells can be allowed because of 
the severe decrease in the cell string output caused by shadows. As can be seen, the I“R losses and 
the conductor mass required are considerably less for this configuration than for the reference con- 
figuration. This approach is particularly attractive for satellites with concentration ratio 1. 

3. 2 .4.4 Startup Control 

An analysis was made of the occultation imposed requirements on the power distribution and con- 
trol system. The requirement to be satisfied is to keep the klystron supply voltages within ±5% of 
nominal. 
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The array specific weight was assumed to be 0.54 Kg/m^ and the total flux falling on the cell was 
2503 w/m-. Figure 3.2-38 shows the temperature response of the cells when the array is occulted 
from the sun. A temperature of 121°K is reached at the end of 70 minutes. Upon emeiience from 
the Earth’s shadow, cell temperatures rise rapidly as shown ir Figure 3.2-39. The rate of tempera- 
ture rise can be increased significantly by open circuiting the cells. Steady state temperature is 
reached in 9 minutes open-circuited versus 20 minutes with the cells providing power to external 
loads. 

Figure 3.2-40 shows normalized array output as a function of array temperature. As can be seen, 
the change in array power and voltage is dramatic. In order to maintain the Klystron supply voltages 
within the ±S% requirement, the array must be segmented to provide control of the source voltage. 
Ten switchable levels are required on the array to provide the required voltage regulation (see Table 

3.2- 7). This regulation requires considerably more complex solar cell blanket and power distribution 
and control systems than does a nonregulated array. 

Based upon the considerably more complex blanket and power distribution and control system and 
the additional mass required to implement the changes required (approx. 1,000,000 Kg), it was 
decided to omit the regulation requirement and wait for approximately 6 minutes until the array 
ventage is within tolerance before beginning klystron operation. 

3.2.4.S Power Distribution and Controls For Sdf-Powered LEO-GEO Transportation 

The reference photovoltaic configuration is 5,076 meters by 28,800 meters excluding the antenna. 
When divided into 16 segments, each segment is 3,600 meters by 2538 meters as shown in Figure 

3.2- 41 . Thruster panels are required on two diametrically opposed comers. 

Earlier estimates of photovoltaic SPS orbit transfer used a value of 7500 sec for argon ion thruster 
ISP. Current orbit transfer optimizations have reduced this value to 500(Xsec. The basic propulsion 
system consists of a thruster panel on each comer of the 3600 meter by 2538 meter photovoltaic 
SPS module. Each thrustor panel contains 900 thrusters. Each thruster requires 64.743 watts and 
each thmster panel requires 58,268,700 watts after power processing. Using a power processing 
efficiency of 0.95 the input power to the thruster panel was computed to be 61.335,474 watts. 
Based upon this panel power requirement the deployed array required to deliver the power was 
computed. Plasma current losses were computed using the data described in the following section 
(3.2.4.6). 

The concept for acquiring power from the solar cell array consists of dividing the bay width up into 
N segments, each of which provides 1/N of the total bay voltage (i.e. if the bay voltage is 44,000 
volts and N=5, each segment provides 8,800 volts). The plasma current was computed and sub- 
tracted Irom the array current to compute the segment outpuv current. Figure 3.2-42 presents the 
percentage of the solar cells which must be deployed in order to obtain the required thruster power 
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Figure 3.2*39. Amy Temperature Response To Emergence Into Sunlight 
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for two cases (performing orbit transfer with and without reflectors installed). Much more array is 
required to be deployed for the case of no reflectors installed for orbit transfer. This large differ- 
ence is due to the following three principal reasons: 1 ) the solar cell output is less without reflec- 
tors, 2) a larger array area is required to collect the required power causing higher plasma current 
losses, 3) the larger array area increases the power distribution losses. Figure 3.2-43 shows the per- 
centage plasma current loss for the no reflector and with reflector cases and shows the higher loss 
for the no reflector case. 

The power distribution and thruster panel power processing mass required to provide thruster panel 
power is shown in Figure 3.2-44. Three discrete points arc also shown for the condition of running 
the thruster screen grid directly from the power bus (i.e. no power processing for the screen grid 
supply). These points are not optimum from either the power system mass or the percentage of 
deployed array. As the array acquisition voltage increases the total power distribution and process- 
ing mass asymptotically approaches the power processing mass of 245,000 kilograms. Figure 3.2-45 
was developed to show the contributic jf thruster power, power processing losses, power distribu- 
tion I~R losses, and plasma current power losses for the 25®C conductor temperature-reflector 
installed case. As can be seen in this figure, at higher array voltages the plasma current power loss 
predominates and at lower voltages the conductor I"R loss predominates. 

3.2 .4.6 Power Loss By Leakage Through Plasma 

The space between 400 km altitude and the orbits of geosynchronous satellites contains neutral 
atoms, tree electrons, positive ions, and high-energy charged particles. The high-energy particles, 
although damaging to solar cells and optical surfaces, are not numerous enough to carry a significant 
current. The free electrons, generated each morning when uitraviolet photons ionize neutral atoms, 
have energies of around one to two electron volts. This energy is dissipated in reactions with neutral 
atoms and ions, increasing the temperature of the medium to the region of 500® to 2000® K. The 
temperature of an electron is related to its energv by Boltzmann’s constant, 8.6171 x 10'^ eV per 
®K. 

An electrically neutral gas containing free electrons and ions in equal numbers is called a plasma. A 
positively charged spherical electrode, say one cm in diameter, will collect electrons when inserted 
into a plasma. The volume in which electrons are influenced by the electrode, called a sheath, is 
much larger than the sphere. Some of the electrons will orbit around the electrode and escape back 
out of the sheath. Current ccilection is then said to be orbit-limited and is affected in a complex 
manner by the radius of the electrode, the voltage of the electrode, and the temperature and density 
of the free electrons. 

The higli-voltage solar-cell array for a solar power satellite looks more like a sheet electrode than 
like a spherical probe. For example, let us assume that 10 km“ of a solar power satellite array is 
deployed to supply 1500-' olt power for electric propulsion thrusters for raising the satellite from 
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Figure 3.2.-4S. Contributions to the Array Power Required For Orbit Transfer— 250 Day Trip Time 
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low-Earth orbit, say SOO km, to geosynchronous orbit. K. L. Kennerud has developed a method of 
analyzing the leakage current from such arrays (Reference 1) based on fundamental equations 
developed by 1. Langmuir (Reference 2). Kennerud’s technique converts the planar array into a 
sphere having the same area, and then he calculates the radius of the electron sheath surrounding 
the array. His experiments with small positively charged solar-cell panels correlated well with his 
predictions. With a negatively charged panel whidt collected ions, his experimental measurements 
did not correlate well with theoretical predictions, perhaps because the ion sheath exterxied to the 
chamber walls. 

Using Langmuir's equations, we determined that at 500 km the electron sheath extends to a few 
meters above the plane of the solar cells, in the range of electron concentrations, electron tempera- 
tures, and array voltages of interest. The calculation of leakage current then simplifles into analyz- 
ing the rate at which etectrons drift into - electron sheath having essentially the same area as the 
solar array. This electron current (jr) is simply; 

Ne Eg - 

Jr ~ rr Alcmn 

3.7x10*' 

where Ng = electron den^ty, in electrons per cm^ 

Eg = electron energy in eV 

The csdculated leakage currents from a 15(X)-volt array for several altitudes are diown in Table 
3.2-8 

A flow o** electrons from the plasma to the solar power satellite must be matched an equivalent flow 
of electrons out of the solar power satellite. Otherwise the satellite will become negatively charged 
with respect to the plasma, and will cease attracting electrons. This flow of electrons away from the 
satellite is provided during orbit transfer by electron emitters which are installed for neutralizing the 
ions emitted by the thrusters. In geosynchronous orbit, where the satellite would be generating 
po«er, the electric thrusters would not be in operation. Furthermore, in geosynchronous orbit the 
electron density is only about 100 per cm^. so the power lost through plasma leakage, even at 44 
kV, would be trivial. 

A negatively charged solar array would attract ions rather than electrons. However, ions are less 
mobile than electrons, and the ion current would be much smaller than the electron current 
observed with a positively charged solar array. Thus, the positively charged array is the worst case. 

Calculations-Irving Langmuir, in Reference (2). provides the following equation for calculating 
electron urrent from plasma to a positive electrode: 

I = if '■q< P ( I ) 
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Tdilr 3.2-8. 1 flrtgr CHfrent frooi Poiitii^ ChHfed Strfv Amy 
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8044 
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where 


r<j = = Space-Charge Sheath Radius (cm) 

D = 2.336 X 10-^ - 

= a function of TqJz which is calculated as shown below. 


jf = rwdom current density of plasma electrons (amps/cm-) 

_ Ne Ee 
3.7x 10*> 


P 


= a 




= impact parameter (cm) 


a = radius of sphere having same area as array 
§ = fraction of sphere surface area uncovered 

Vp = potential applied to array, volts 
Eg = average energy of electrons 
Ng = electron density (electrons per cra^) 

I = electron current collected by the sphere (amperes) 


(2) 


Tq 

Langmuir’s table relating — to a is not applicable to the large electrode areas involved in the solar 
power satellite. The value of a was determined by iteration of the equation. 


o = 7 - 0 . 37 - + 0.075t^ -0.01431827’* + 0.00216097*^ -0.000267917^ 


where 

7 = logg !9_ 

a 


The analysis technique developed by K. L. Kennenid wraps the solar array area (A^) around a 
sphere, which then has radius a. For a 10 km- array, 

A _ lOx lO^x 10^ _ _ 

a - j j = 8.92 x l(r*cm 

4ir 4ir 

Iterative calculation of a and the radius of the electron sheath results in the following ratio for a 10 
km- array at 1500V and at 500 km altitude: 

— = l.(X)292 
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Thus, the electron sheath is only 260 cm above the array, and for all practical purposes has the same 
area as the solar array. Therefore, array r^ius a can be substituted for r^, and the leakage current 
simplifies to 

I = Ajf (4) 

where 

Ne Eg 
~ 3.7 X 10* > 

and Eg = Tg 8.6171 x IQ-5 

with Ne = electron density, electrons, cm^ 

Tg = electron temperature. 

The values of leakage current shown in Table 3.2—8 were based on the Figure 3.2-46 electron 
densities and electron temperatures from Reference 3. 

Effect of Voltage, Electron Temperature, and Electron Density— It is interesting to note that in 
large solar arrays the voltage of the array does not significantly affect the leakage current. The array 
voltage affects only the thickness of the electron ^eath which is small compared with its other 
dimensions. For example, with a 1500-volt, 10 km- array the sheath is only 2.6 m thick at 500 km 
altitude. Increasing the array voltage to 44 KV would increase the sheath thickness by only a few 
meters. 

Sheath thickness is affected by electron density and temperature. For example, in geosynchronous 
orbit the electron density is only about 100 electrons per cm- . A 44 K V solar array operating in 
geosynchronous orbit would have a sheath radius 15 percent larger than the radius of a sphere 
having the same area as the array. Contributing to this large Tq are the array voltage, the low elec- 
tron density and hot electron temperature. However, the plasma leakage current in a solar array of a 
power satellite in geosynchronous orbit is limited, not by the electron supply, but by the inability 
of the heavy ions to move to the satellite to neutralize the charge deposited by collected electrons. 
The leakage electron current would no longer be neutralized by the emitters used with the ion pro- 
pulsion engines, and hence would be trivial. 
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Fjgiue 3.2-46. Electron Density vs Altitude 
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3.2.5 Radiation D^radation Analyses and Annealing 

3.2.5.1 Environment Predfetiom 

Ihedictions of the sunspot number for the coming Cycle 21 are compared in Figure 3.2-47. F. M. 
Smith bases his prediction on two non-synchronous components related to planet-caused tidal vari- 
ations on the Sun. W. Gliessberg of the Astronomical Institute in West Germany, bases his predic- 
tions on 80-year repeatability of sunspot phenomena. Ted Cohen and Paul Lintz base their predic- 
tion on a periodicity of 1 79 years, obtained from a maximum entropy analysis. 

A solar power satellite launched in 1990 will experience Cycles 22. 23 and 24 for which no predic- 
tions have yet been made. We therefore used data averaged for us by Prof. W. R. Webber, University 
of New Hampshire, who is our consultant on solar activity. 

The average expected solar proton fluence (> 10 MeV), and a 90x value, are shown in Table 3.2-9). 
An equivalent 1-MeV electron damage fluence for a 6 mil 10 ohm-cm n/p solar cel! with 6 mil cover 
slip and 3 mils of equivalent back side Kapton, adhesive and mylar shielding is also given. The pro- 
ton damage coefficient used is shown in Figure 3.2-48 as “1/E.” The electron damage coefficient is 
taken from the TRW Solar Cell Handbook. The incident proton spectral shape is shown in Figure 
3.2-49, while the trapped electron spectrum is shown in Figure 3.2-50. 

3.2.5.2 Solar Cell Radiation De^^lation 

A radiation-degraded solar cell in a series string, operating at its maxiinum-power point to supply a 
constant-voltage load, will not also operate at its maximum-power point when initially in geosyn- 
chronous orbit. The volt-ampere characteristic of the solar cell is needed for calculating the cell 
perfomiance under the differing illumination, temperature, and degradation conditions in solar 
power satellite operation. 

The characterization of a 1975 OCLl “Violet” cell shown in Figure 3.2-51 was useful in our analy- 
sis. We had recorded the voltage-current characteristic of the cell under standard conditions after 
irradiation by 10^^, 10**^, 10*^. and lO^^one-MeV electrons. Estimating the curves for 2 x 10*5 
and 6 s 10*5 one-MeV electrons was straightforward. 

The estimated maximum power points for higher temperatures and light intensities were based on 
the current being proportional to light intensity, and a 0.43 percent per degree C coefficient of 
maximum power. 
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Op (> 10 MeVI/CM* 1.1 xio” 
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Thinner solar-cell covers admit more radiation, increasing the radiation damage in the cell. Rotted 
in Figure 3.2-S2 is the relative damage in a solar ceU geosynchronous orbit, as a function of cover 
thickness, normalized to a cover of 6*mils of fused silica. 

Note that when covers are thinned below SO nm, the damage increases rapidly. This curve was used 
in calculating the performance of solar-cell blankets having various thicknesses of covers. 

One mil (25.4Mm) of fuxed silica on a 100 km- solar array weights about 5x10^ kg. 

The solar power satellite performance estimates are based on, not 1977 solar cells, but rather on 
1987 solar ceUs which are predicted to have an efficiency of 18 percent. Test data from such cells 
is obvkrusly not available, so array (wrformance predictions had to be based on extrapolations of 
test data from today's best solar cells. 

An example of such extrapolation is ^own in Figure 3.2-53 where the maximum power outputs 
of Comsat’s completely nonreO'-ct- , : solar cells, and several others, are plotted as a function of one- 
McV fluence. This plot com^ from the Fall 1975 Comsat Technical Review. We have added to the 
plot the fluences that would be experienced by cells during 30 years in geosynchronous orbit when 
protected by fused silica covers of various thicknesses. Note the extrapolation to 6 x 10*^ one-MeV 
electrons, where a nonreflective solar cell with a 2-mil cover has dropped to 63. 1 percent of its orih- 
inal maximum power. An 18-percent efficient solar cell was assum**'^ to likewise drop to 63.1 per- 
cent of its initial maximum power after 30 years. 

The cell voltage establishes how many cells must be in series to develop 44 kV, and hence how long 
the solar-cell string must be. The voltage of a 1976 back-surface-field cell, as a function of one-MeV 
electron fluence, appears in the JPL “Solar Array Design Handbook,” shown in Figure 3.2-54. 

Our prediction of the maximum-power voltage of an 1 8-percent efficient solar ceil is shown as a 
dotted line. The right-most “X” corresponds to 0.446 volts from a cell protected by a 50/im (2-mil) 
fused silica cover, after 30 years. 

These voltages would be observed at 25®C with the cell illuminated by 135.3 mW/cm- sunlight 
having an air-mass-zero spectrum. 

Summarized in Table 3.2-10 are the results of calculations of the performance of a solar-cell string 
after 30 years in geosynchronous orbit, with varying thicknesses of cell covers. The thinner covers 
admit more radiation to the cell, reducing power output and voltage. For example, the degraded cell 
with a 50 (im (2 mil) cover produces only 0.297 volts, requiring 149,390 such cells for 44.44 kV. 
The extra 0.44 kV is absorbed by IR and diode drops in the string. Each string is composed of 
groups of 4 cel! in parallel. 
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srs-7» 

Characteristic 

Cell cover thickness (mils) I 

2 

3 

6 

12 

20 

Fhience after 30 years 
in geosynchronous orbit 

exio**® 

2.7 xIO”*® 

1.8x10^3 

8.5 xIO^^ 

4.6 X 10^^ 

Power output after 30 
^ars (mW/cm2) 

15.82 

17.46 

18.36 

18.27 

20.89 

W/m2 

158.2 

174.6 

183.6 

192.7 

208.9 

Maximum-power volt- 
age at 11 5°C (V) 

0.297 

0.302 

0.308 

0.318 

0.328 

Cells in series for 
44,440 volts 

149,390 

147,153 

144,286 

139,743 

135,488 

Celts in one string, 4 
ceils vride 

597,560 

588,612 

577,144 

558,992 

541,952 

String length (5 * 0.1 
cm/cell) (km) 

7.62 

7.5 

7.36 

7.13 

6J1 

String width with length 
constrained to 650 meters 
(IO‘t‘0.1 cm/ceil) (m) 

4.73 

4.66 

4.574 

4.43 

4.30 

Strings per module of 
650 by 496m 

104.74 

106.33 

108.45 

111.97 

115.49 

Current per string (A) 

10.657 

11.561 

11.923 

12.400 

12.740 

Current per module (A) 

1117.7 

1229.35 

1293.21 

1388.50 

1471.46 

Power per module (MW) 

49.11 

54.05 

56.90 

61.10 

64.74 
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Each string is serpentined into a module 6S0 meters long. The 7.62 km string of cells with SO pm 
(2 mil) covers would occupy a strip 4.73 meters wide in such a module, and 104.74 strings would 
fill a module having dimensions of 650 by 496 m. The module would generate 49.1 1 MW after 30 
years in orbit. 

Note that the module with SO pm (2 mil) covers generates after 30 years 13.7 percent le^ power 
than the module with cells protected by ISO pm (6 mils) of fused silica. However, the thinner 
covers repre^nt in a 100 km^ solar power satellite a saving of 20 million kg of mass. 

3.2.S.3 Annealfa*! Study 

Analyses and tests of silicon solar cell annealing were conducted by Simulation Hiysica, Incorpo- 
rated under a subcontract. The remainder of this section presents their report. 


original 

P0(A quality 
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SECTION I 
INTRODUCTION 


iniis report covers Phase I of a study of "Thermal 
Annealing of Radiation Damage in Silicon Solar Cells". 

Purpose of the study is to establish feasibility for in 
situ annealing of radiation damage in silicon solar cells on 
the Solar Power Satellite if the satellite were to be 
assembled in low earth orbit and transferred to geosynchronous 
orbit. The study is directed toward consideration of proton 
damage, but the conclusions made are expected to be quali- 
tatively valid for damage by electron radiation as well. 

Content of Phase I of this program has consisted 
essentially of the following: 

(i) A review of existing experience relative 
to thermal annealing of proton irradiated 
silicon solar cells. 

(ii) Experimental studies to determine 

feasibility of using directed energy 
techniques for annealing of proton 
irradiated cells. 

Existing information regarding annealing of radiation 

I 

damaged solar cells suggests that conventional thermal pro- 
cesses can be effective. However conventional technique, 
which is essentially a furnace procedure, consists of 
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elevating the entire solar cell to an adequate t^aperature 
and auiintaining that to^>erature for a sufficient period of 
tise. Because necessary conditions involve periods of 
minutes at teaq>eratures of the order of 500*C, it is 
questionable whether such methods arould be realistic for 
a practical array in space. 

Investigation of the feasibility of utilizing a con- 
cept of directed energy annealing has been undertaken because 
such an approach could be possible in space* probably even on 
an array structure which is itself thermally unstable. A 
directed energy process uses the energy carried in a beam 
ifl^cting upon the surface of the solar cell undergoing 
anneal. The energy can be carried in an electron* laser or 
photon flash beam. It is assumed that the heating produced 
by the beam is to be transient and spatially localized so 
as to accomplish necessary annealing of the solar cell with- 
out subjecting surrounding con^nents such as the substrate 
to excessive thermal excursion. 

The material presented in this Phase I report can be 
summarized very briefly as follows: 

(i) On the basis of existing informa- 
tion it is definitely possible to 
anneal proton radiation damage in 
silicon solar cells using furnace 
environment conditions. 
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(ii) 


(iii) 


(iv) 


ORIGINAL PAGE IS 
(»• POOR QUAunr 


Degree of annealing depends prinarily 
upcMi tei^>eratttre oi^loyed; close to 
c<^>lete performance recovery can 
be achieved within the thermal limita- 
tions of the solar cell itself. 

A substantial degree of proton 
irradiated solar cell performance 
reco^ry has been demonstrated 
using electron and laser beam 
directed energy sources. 

Achievable degree of performance 
recovery using directed energy has 
not been determined but is probably 
high. 
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SECTION II 

REVIEW or EXISTING IlfftHtNRTION CONCERNING 
ANNEALING OP PROTON DAMAGE IN SILICON SOLAR CEiJ^ 

2.1 GENERAL 

Since the discovery in 1958 of the presence of large 
fluxes of charged particle radiaticms vithin the earth's 
geomagnetic field* there has been continuing interest in 
the effects of radiations upon solar cells for space vehicles. 
Earlier stixlies were ccmcerned both with the generation of 
radiation damage and with possibilities for its repair. As 
solar array e3g>erience increased* the technology tended to 
standardize around successful history. Radiation damage 
work shifted to ^^hasize prevention of severe damage in con- 
junction with minimization of array initial overdesign 
necessary to provide for unavoidable effects, in particular, 
effective coverglass methods allowed nonpreventable proton 
damage to be reduced tc low levels. Further consideration 
was not given to in situ thermal anneal of proton damage 
losses. 

Proton and electron irradiation of silicon causes 
lattice atoms to be displaced, leaving interstitials and 
vacancies. Defect complexes involving the vacancies or 
interstitials and other elements of the crystal are formed 
which act to allow carrier recombinations causing loss of 
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minority carrier lifetime and degrading solar cell performance. 
Although the individual defects created by protons are similar 
to those with electrons, the heavy mass of the proton results 
in localized multiple centers as opposed to point defects with 
electrons. It is generally considered that the cluster defect 
ccw^lexes associated with protons are somewhat nK>re difficult 
to anneal than are the electron induced defects. 

2.2 LITHIUM-DOPED SOLAR CELLS 

On the assuaqstion that the major threat to the solar 
cells of the Solar Power Satellite will be damage by protons 
able to penetrate a thin protective cover, lithium doped 
silicon solar cell*" might be considered. The room temperature 
annealing behavior produced by lithium in a P/N cell is 
extremely effective for the multiple defect complexes which 
are characteristic of damage produced by proton or neutron 
radiations. The best available information regarding proton 
damage recovery of lithium doped silicon solar cells is 
by Anspaugh and Carter They conclude "lithium cells vrould 
be a good choice to power a spacecraft in a radiation 
environment dominated by protons, provided the cells can be 
annealed periodically at sufficiently high temperature". 

The high temperature referred to in this instance need be 
only about 60*C. Figure 1 shows an example of normalized 
maximum power of N/P and lithium doped P/N cells as functions 
of 11 MeV proton fluence. Advantages of the lithium doped cell 
are clear. 
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Figure 1. Normalized Maximum Power of N/P and Lithium 

Doped P/N Cells Versus 11 MeV Proton Pluence 
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2.3 THERMAL ANNEALING OF PROTON DAMAGE 

Most o£ the %fork relevant to thermal annealing of 
proton irradiated solar cells without lithium doping was per- 
formed by Beatty and Hill of NASA Langley and by 

(4 5 ) 

Faraday, Stabler and Tauke' * of the Naval Research Labor- 
tary. Beatty aiui Hill investigated low to moderate 300®C 
ten^erature annealing of damage to silicon by high energy 
protons while Faraday, Stabler and Tauke examined recovery 
of silicon solar cell damage due to lower energy protons using 
temperatures up to as high as 600**C. 


Beatty and Hill 


Beatty and Hill irradiate-’, both n- and p-type 1 ohm-cm 
silicon with 22, 40 and 158 MeV protons. Since minority 
carrier lifetime is one of the parameters most sensitive to 


radiation damage, they chose to monitor the unnormalized 
percentage of damage remaining, defined as 


D 


T 



X 100 


where and t. are the pre- irradiation and post-irradiation 
o A 

annealed minority carrier lifetimes respectively. Limited by 
an experimental oven facility with maximum temperature of 
only 300®C, their efforts on silicon fell short of the practical 
results on solar cells by the NRL group. However, some of 
their observations are applicable. 
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Figure 2 shows percentage of defects remaining in 

11 2 

p-type silicon irradiated with 10 22-MeV protons/cm as a 

function of annealing time at 100, 200 and 300**C. It is 

evident that the most recovery occurs at the highest anneal 

temperature and that, after an initial anneal period at given 

temperature, relatively little additional recovery will occur 

as a result of prolonged anneal at the same temperature. 

Annealing is fluence dependent. Damage from higher 

proton fluences does not anneal as readily as daswige from 

lower fluences. Figure 3 illustrates this effect. Annealing 

at 300"C is seen to be moderately effective on silicon 

11 2 

irradiated at 22 MeV to fluence 1 x 10 protons/cm‘ and 

12 

aliK>st coii^letely ineffective for fluence of 5 x 10 
2 

protons/cm . 

The recovery characteristics of n- and p-type silicon 
are similar but recovered minority-carrier lifetime is 
apparently slightly better in n-type than in p-type 
Figure 4 illustrates this observation. 

As proton energy increases, the amount of damage re- 
maining after anneal decreases. Figure 5 shows this result 

12 2 

for 200®C anneals and 10 protons/cm fluences of 22, 40 and 
158 MeV protons on n-type material. 
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i crc*. 
i'^ctc 



Annealing titne, hr 
Source: Beatty and 


Figure 2. Fraction of Defects Remaining in p-Type 

Silicon Irradiated with 22 MeV Protons 
to a Fluence of 4> = 1 x 10^- Protons/cm^ 
as a Function of Annealrng Time of 100®C, 
200*C and 300®C (Unnormalized) 
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Pe 

dcfo 



Aunenlinc time, hr 
Source: Beatty and 


Figure 3. Dependence of Annealing of n-Type Silreon 

at 300"C on Fluence of 22 MeV Protons 
(Unnorinalized) 
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Anneal int' t,iinc, hr 
Source: Beatty and 


Figure 4. Comparison of Annealing of Typical 

n- and p-Type Silicon Samples at 300®C 
After Irradiation with 22 MeV Protons 
(<> = 1 X 10^^ Protons/cm^) (Unnormalized) 
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Faraday y Statler and Tauke 

Work at NRL involved 4.6 MeV proton irradiations of 

1.5 and 10 ohin-cm N/P Czochralski silicon solar cells. Cell 

junctions were approximately 0.5 pm deep which is considerably 

more than is typical of present technology but should have 

little bearing upon general validity of the results. All 

anneals were isochronal for 20 minutes in argon. To illustrate 

the approximate spacial distribution of damage produced by 

these proton irradiations. Figure 6 shows calcuxated energy 

deposition versus depth for 5 MeV protons in silicon. 

Figure 7 shows tungsten illumination (2800°K) I-V 

characteristics of a 10 ohm-cm cell before and after 

12 2 

irradiation to 10 protons/cm and after annealing at various 

temperatures. The 502® characteristic shows close to complete 

recovery of pre- irradiation performance. 

Figure 8 shows recovered maximum power output of 10 

ohm-cm cells as a function of annealing temperature fcr three 

irradiation fluences. It can be seen that for 10^® protons/cm^ 

fluence the 500®C anneal does effect complete recovery, but 

11 12 ** 

cells exposed to 10 or 10 protons/cm‘ exhibit minor 
remaining output loss. The shape of the recovery character- 
istics for these calls suggests that they would have benefited 
from additional anneal to slightly higher temperature. 
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Source; Faraday, Statler and Tauke^^^ 

txgure 7. I-V Characteristics of Proton Irradiated 

Cell as Function of Anneal Temperature 
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Figure 8. Recovered Maximum Power Versus Anneal 

Temperature as Function of Proton Fluence 
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An unnocaalized percent daaage remaining was defined 


as 


p ,n 


X 100 


where I and I. were slxjrt-circuit currents before irradiation 
o A 

and after irradiation and annealing respectively. Figure 9 

shows this percent damage remaining as function of annealing 

temperature for 10 ohm- cm cells exposed to different fluences. 

Figure 10 ccxi^res similar data for 1.5 and 10 ohm- cm cells 
12 2 

after 10 proton/cm fluences. It is oovious that a major 
anneal step occurs at temperature above 300®C and recovery is 
consistently close to complete after 500®C. 

Figure 11 gives the effect of annealing temperature to 
as high as 600*C on minority carrier diffusion lengths in 
the proton irradiated cells. NRL considered that this data 
indicated the hardest damage to anneal is that of high fluences 
on low resistivity cells. Nevertheless, even under these 
conditions recovery could be quite effective. 
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Source: Faraday, Stalter and Tauke^^^ 


Figure 10. Unannealed Fraction of Short Circuit Current 
Versus Annealing Temperatures for 1.5 and 
10 Ohm-cm N/P Cells Irradiated to 10^^ p/cm^ 
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Source: Faraday, Statler and Tauke^^^ 


Figure 11. Isochronal Annealing of Minority Carrier 

Diffusion Length in N/P Silicon Solar Cells 
Following Irradiation by 4.6 MeV Protons 
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SECTION III 

FEASIBILITY STUDIES ON DIRECTED ENERGY 
ANNEALING OF SILICON SOLAR CELLS 

3.1 RATIONALE 

The information summarized above shows that it is 
possible to use thermal annealing to restore performance of 
a silicon solar cell damaged by proton irradiation. But, 
is it feasible? It has been sho%m that temperatures approach- 
ing 500®C or even more are required for periods which are 
probably of the order of minutes. While the solar cell can 
withstand the environment, the remaining structure of a light- 
weight array probably cannot. The process involved is 
essentially an oven anneal and it is difficult to visualize 
any means to perform the slow exposure without involving 
the entire array structure. 

However the possibility does exist of alternate anneal- 
ing procedures which would not necessarily subject elements 
of the array, other than the solar cells, to excessive 
temperatures. The concept involves the use of directed 
energy beams to produce temperature transients which could 
remain primarily localized within the soiar cells. As an 
example of this type of annealing action. Simulation Physics 
uses a single sulxnicrosecond pulse of relatively low energy 
electrons to produce the same annealing of ion implant damaged 
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layers in silicon as can be achieved in a furnace at 750°C 
for 30 minutes The ability to produce satisfactory 
annealing by a short duration temperature spike results because 
the temperature achieved is higher than would be used in a 
furnace but is quenched before any deleterious effects can 
occur. 

3.2 EXPERIMEirrAL TESTING 

Among the directed energy beam sources which might be 
considered for annealing of solar cell proton radiation damage 
are pulsed and scanned lasers, pulsed and scanned electron 
beams and high intensity photon flashtubes. To experimentally 
investigate feasibility of directed energy methods, tests were 
conducted using a scanned DC electron beam and a pulsed Nd:YAG 
laser. 

Solar cells used were assorted high performance types 

supplied by Boeing. The cells had been irradiated to 
12 2 

5 X 10 1 MeV protons/cm . Cells did not have protective 

coverg lasses. 

DC Electron Beam 

Parameters of the scanning DC electron beam selected 
for solar cell tests we*e; 
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Beam diameter: 1.3 cm 

Sweep raster: 100 x 1000 Hz 

Energy; 60-90 keV 

Current : 1 mA 

Scan duration: 15 sec 

Electron beam energy deposition profiles are shown in Figure 12. 

Irradiated solar cells supplied by Boeing were mounted 
onto altuninum substrates approximately 0.020 inch thick by 
conductive silv^er epoxy. The ix: electron beeun is meant to 
raise ten^rature of the entire solar cell. The substrate 
presented some difficulties with the electron beam heating 
because heat transfer from the cell to the aluminum heat sink 
occurred in regions with conductive epoxy but not elsewhere. 

As a result temperature nonuniformities were produced across 
the cell area and it was impossible to evaluate local tempera- 
tures. 

Nd;YAG Laser 

Parameters of the neodymium doped yttrium aluminum 
garnet 1.06 ym pulse mode laser used for testing were: 

Beam diameter: 0.3 cm 

Pulse width; 10 ^ sec 

pulse energy; 3 joule/pulse 

Energy deposition profile for the laser pulse is given in 
Figure 13. Predicted initial local temperature profile is 
shown in Figure 14. 
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DEPTH (MICRONS) 


Figure 12 Deposition Prof ilei Monoenergetic 
Electron Beams in Silicon 
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Deposition Profile for 1.06 mhi Nd:YAG Laser 
Into AR Coated Silicon 
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Figure 13. 
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Figure 14. Predicted Temperature Profile in Silicon 

at Beam Center Following Laser Pulse 
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Because of the pulsed nK>de operation and reflection 
from the back conduct# mounting of the cells by conductive 
epoxy had relatively little influence on temperature 
uniformity. Short pulses produce essentially local transient 
heating with the entire cell eventually to be annealed as the 
laser pulse is stepped across the surface. Stepping distance 
for the step and pulse sequence was 0.13 cm on some samples 
and 0.06 cm on others. Although laser beam diameter was 
0.3 cm, nonuniformity of the spot was such that even with the 
narrow step spacings not all of the cell surface was annealed 
and the annealed area pattern was visible on surfaces after 
processing. Power density level of the laser was selected 
at a level just below that found to produce mechanical 
damage to the silicon. 

Boeing provided initial and post proton irradiation 
Air Mass Zero I-V characteristics on the test cells. 

Simulation Physics repeated AMO measurements prior to and 
following anneal. Measurements were made using a Spectrosun 
X-25 Mkll AMO simulator and 25*C test block. 

3.3 DIRECTED ENERGY ANNEAL TEST RESULTS 

Significant recovery of cell performance was Accomplished 
using both the scanned electron beam and pulsed laser. Table I 
summarizes test cell data. Figures 15 through 21 present 
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Summary of Electron and Laser Beam Annealing of 
Proton Irradiated Solar Cells 
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After 2x10^^ 

1 MeV Protons 

After B< 
Annea; 

3 am 

% Recovered 


IB 

Type 

V 

oc 

I 

sc 

P 

max 

V 

oc 

"sc 

P 

max 

V 

oc 

I 

sc 

P 

max 

''oc 

"sc 

P 

max 


8E 

Violet 

599 
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75.8 
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87.6 

30.5 
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39.8 

36 

18 

21 
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581 
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78 

24.7 
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96 
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41 

26 
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49.8 

53 
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68.2 
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94 
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39.4 
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605 

144 
1 

66. 7 

No ] 


[rradi 



ation 
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AMO I-V characteristics of the test cells of Table I and 
include: 

(i) Initial (30*C) 

(ii) After 5 x 10^^ protons/cm^ (30®C) 

(iii) After pulsed laser or electron beam 
anneal (25*C) 

Figure 18 shows the effect of laser anneal conditions 
on a control cell without proton irradiation damage. No per- 
formance degradation resulted. Figure 21 shows the effect of 
the electron beam on a nonirradiated control cell. In this 
case a decrease in short circuit current resulted which is 
attributed to a change in the AR coating rather than to 
electron induced damage of the silicon lattice or cell junction. 
It is expected that AR coating effects could be avoided by 
variation of the oeam parameters. 

It is important to again point out that, because the 
I^:YAG laser beam spot was nonsynmetrical, the stepping sequence 
did not cover the total cell area. More cell recovery would 
have occurred under the same test conditions if the entire 
cell surface had been processed. 

The directed energy anneal feasibility test results 
are considered to be extremely promising. The short time 
available and limited scope of this effort prevented any 
possibility of analytically and/or experimentally optimizing 
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Figure 19. The Effect of DC Electron Beam Anneal 

on Hybrid N/P Cell 8C 
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Figure 20. The Effect of I>C Electron Beam 

Anneal on Conventional N/P Cell 9G 
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process conditions. Test psrameters had to be selected 
almost arbitrarily using immediately available facilities. 

Even so, substantial annealing was achieved by both directed 
energy methods. 

The results suggest that directed energy techniques 
and hardware can be developed to produce highly effective 
short duration annealing of proton irradiated solar cells 
mounted to an array structure which may be unable to withstand 
a conventional thermal anneal environment. Such capability 
could have major impact upon planning of the Solar Power 
Satellite. 
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3.2.6 Reflector Analysis 

A detailed analysis of reflector performance was conducted in order to evaluate the performance 
benefits realizable from the concentration ratio 2 reference configuration. This section presents 
the results of this analysis. The individual effects presented herein were jointly numerically inte- 
grated in order to obtain the reflector performance data described in Section 3.2.1 . 

Reflectance Versus Specularity: The data shown in Figure 3.2-55 were obtained in tests by The 
Boeing Engineering and Construction Division in conjunction with an ERDA Contract for ground 
solar power. It is clear that to obtain high reflectance a measure of non- specularity (beam spread) 
must be accepted. 

Simulated Solar Reflection from Aluminized Film; Figure 3.2-56 illustrates the requirement for 
biaxially tensioning the reflectors if maximum performance is to be achieved. This relationship 
appears to be a result of the microflnish cf the Kapton substrate. 

Reflectance Versus Incidence and Wavelength; Figure 3.2-57 shows that for the sun’s circularly 
polarized light (Raw) f)*® reflectance is reduced with incieased incidence until very shallow grazing 
angles are reached. This change in reflectance is a function of wavelength with the predominant 
rates of change occurring at approximately 800 millimicrons (nyr) 

Reflectance Loss Versus Wavelength at 60® Incidence; Figure 3.2-58 summarizes the losses pre- 
dicted with previous data for the CR=2 reflector configuration at 60® incidence. 

Reflectance Versus Wavelength: The reference in Figure 3.2-59 is for an aluminized optical flat and 
demonstrates the characteristic loss in reflectance at .8 pm wavelength which is inherent to alumi- 
num. An extrapolation of our aluminized Kapton test data to all wavelengths is also shown in 
Figure 3.2-59 by the dashed line and the lower line is the net reflectance after considering the losses 
due to the incidence angle. 

Solar Cell Spectral Response: The solar cell spectral response characteristics shown in Figure 3.2-60 
were used together with the data from the previous chart to establish an integrated reflectance value 
for the reflectors at beginning of life of approximately 85%. 

Reflector Radiation Degradation: The chief cause of reflector degradation will be the radiation 
environment. Tests conducted by Boeing During the Project Able investigations provide a sketchy 
data base upon which the degradation forecast of Figure 3.2-61 is based. 
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Figure 3.2-55 Reflectance Versus Specularity 
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Figure 3.2-56 Simulated Solar Reflection From Aluminized Film 
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Figure 3.2-57 Reflectance Versus Inddenoe at Four Wavdengths 



Figure 3.2-58 Reflectance Loss Versta Wavelength at 60** Incidence 
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Figuie 3.2-60 Solar Cell Spectral Response 
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Figure 3.2*61 RHlector D^adation 
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Amy Tkm^ Siza^: In addition to basic high rtflectaiKe ot the reflector material, the diief 
requiranent which the reflectors must meet is to ptovnle • niform illuminat*''., of the active solar 
amy. The troi^ must therefore be reduced in size as a function of the reflected ray beam width in 
<Hder to avoid nonuniform Oluminaticm at the edges, as shown in Figure 3.2-62. 

Reflector Tanpoatuie Gradient: A further result of the reflects beam width h the illumination 
overlap at the trough comers. This overlap results in the reflector temperature profile ^own in Fig- 
ure 3.2-63 which cpresents a design requirement on reflector flatne^ 

Reflector Membrane Analysis: In orJer to assess the biaxial stress required to maintain reflector 
flatnes a membrane stress analy^ was performed. Results of Kveral identified deapi cases are 
summarized in Figure 3.2-64. The effect of the one meter deflection caused by solar pressure is 
drown on the following chart. 

Effect of Thin Film Concentrator Deformation on Local Solar Fhix; Data shown in Figure 3.265 
were calculated using the Boeing “Thermal Radiative Interchange Factor" program and demonstrate 
the focusing of the reflected light from the solar pressure deformed reflector. If the reflector were 
kieal then the local concentraticm ration would be uniform at 1.8. The nonuniformity shown would 
have a significant performance impact. 

Creqp in K^ton Reflector: Kapton creep characteristics were found in National Bureau of StarKl- 
rrds data which was used in calculating the creep characteristics shown in Figure 3.2-66. These data 
represent a considerably smaller design prc4)lem than earlier estimates that projected creep to con- 
tinue at the initial rate. 

3.2.7 Structures Analyses 

The structural analyses for Part I gave primary emphasis to development of credible structural mass 
properties to support the evaluation of alternate energy conversion and construction location 
options. Most of the effort was aimed at the reference concentration ratio 2 truss and at a concen- 
tration ratio 1 planar truss. These and other options are illustrated in Figure 3.267. 

The structural mass determined at the midterm of Part I reflected a substantial increase over the 
JSC reference configuration, from 2500 metric tons to almost 15.000 tons. This was due to a 
change from a three-tier structure (SPS built from 20-meter beams built from I -meter beams built 
from structural elements i to a two-tier structure (SPS built from 20-mcters beams built from struc- 
tural elements). The noncircular beam caps that were shown in F»gure 3.267 were used. The princi- 
pal design load came from providing the biaxial stress of 6.9 MPa 1000 psi in the Kapton reflectors. 
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• PRELIMINARY RESULTS 

• 1000 piiRl-AXIAL STRESS APPLIED IN ALL CASES 

• 1/2MILKAPTION 
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Figufc 3.2-64 Reflector Membr»e Analysis 
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Figure 3.2-65 Effect Of Thin Fikn Concentrator Deformation On Local Solar Flux 
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Figure 3.2-66 Cdculated Creep In Kapton Reflector* 
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Figure 3.2-67 Photovoltaic Structural Concepts 
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Subsequent to the midtenn a more detailed analysis of the structure was conducted to reduce the 
mas. Three levels of biaxial stres were considered: 6.9 MPa (1000 |»i), 3.9 Mpa (570 psi), and 1.7 
MPa (250 pd). Material density data were reviewed, resulting in a revision downward by 12%. The 
structure concept and load condition analyzed are shown in Figure 3.2-68. 

Assuming all diagonals are tension straps which are wrapped around the basic truss confl^ration of 
choads and battens, it follmivs that there is a pre<x>mpres$ion load in th.- battens and a pretendon 
load in the diagonals. If the pretension load in the straps is equal to SOf- of the tendon load, then it 
can be drown that after the concentrator film is stretched, the total tension load in one diagonal 
will increase, while the total tension lo^ in the other diagonal will drop to zero. Likewise, the com- 
pression load in the batten will increase. 

The analysis proceeded in three steps; 

1 . Determine allowable long column stress and local buckling stress and the restulting beam cap 
tube radius, thickness, and mass as a function of column loal fhe remits are presented in 
Figure 3.2-69. There is substantial uncertainty in the lord buckling stre^ as the source data 
were for aluminum rather „„..t graphite composite and e.\hibit considerdble scatter at high 
values of R/t. Figure 3.2-70 shows the variation in tube characteristics with column load. 

2. Develop structural mass properties assuming no constraints on lube radius or thickness. 

3. Develop structural mass properties for representative size constrainis (0.254 m radius and 200 
#rm t*'’''kness as minimum gage). 

Table 3.2-11 is typical of the calculations us«l to determine member mass. Figure 3.2-71 dtows 
results. The optii. cd tubes have a marked advai.iage over standard-diameter tubes and were 
selected. All the selected optimized tubes exceed the 200 pm minimum gage thickness. The reflec- 
tor was tensioned to 3.9 MPa (570 psi) and the structural bays had two intermediate members. 

3.2.8 Mass Propeiites 

The mass properties analyses conducted in Part I were directed to develop>»'g comparison data and 
therefore ex..luded common elements such as controls and the microwave power transmission 
system. 

The silicon mass data shown in Table 3.2-1 2 are reduced from our previous baseline primarily by a 
reduction in tolerances on the silicon cells themselves. (Previous values reflected a s^^rccification or 
do-not-exceed Mass rather than an average or expected mass.) Both silicon and CaAs have a 15% 
factor applied. The 75 pm (3-mi!) covers and masses shown for silicon werf ,.sca in all nonannealed 
cases while 50 pm (2-mil) was retain'-d for annealed arrays. 
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Figure 3.2-68: Stmctuni Load Conditioas 
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Figure 3.2-71 Structural Weight Impact of Reflector Stress Level 
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The mass summary diown in Table 3.2-13 recovers a substantial amount of the 44% midterm 
increase. The four major mass contributors in the energy collection system were all addressed to an 
adflitional level of defmiiion reciting in decreases to structure and array and increase to the reflec- 
tors and power distribution. 

This mass statement includes the 50% growth allowance used in the JSC reference conflguration 
deflnition, for comparison purposes. Mass data shown elsewhere in this document do not include a 
growth allowance. Included in the Part II effort will be a mass uncertainty analysis and a recom- 
mended revision to the mass growth allowance. 

3.2.9 Payload Packaging 

The goal in packaging SPS components is to have each Earth launch be mass rather than volume lim- 
ited and therefore result in the least possible number of launches. Various options in terms of the 
payload mix on each launch and the payload design approach are possible. 

In the case of the payload sliroud, recoverable designs are desirable since an expendable shroud 
sized for mass limited payload flights may be quite long (40 meter for low density payloads) and 
cost approximately £? million. The maximum length of shroud assumed for a recoverable design 
when used with a two stage ballistic/ballistic launch vehicle is 23 meters with a diameter (usable) of 
17.2 meters. The launch vehicle p 'yload capability was 400.000 Kg; a payload density of 70 Kg/m^ 
would fill the specified payload shroud. 

Photovoltaic satellite components were found to have densities far greater than the shroud payload 
density of 70 Kg/m^ and therefore result in .nass limited flights. The assumed component density 
and number of launches for the major components making up a 69 million Kg satellite (excluding 
MPTS) are shown in Table 3.2-14. 

Payload shroud volume utilization by representative photovoltaic components is illustrated in 
Figure 3.2-72 for the case of the 23m recoverable shroud. Again, tl ,s shroud length was initially 
assumed because of the 20m segmented beam design and the desire to have reflector widths as large 
as possible to minimize the number of the on-orbit attachments. As indicated by this simple illustra- 
tion, a low utilization factor exists and future work could consider shorter shroud lengths. 
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Table 3.2-13 Photovoltaic RefeieiMX Ccmfiguration Nomfaial Maas Summary Weight in Metik Tons 
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Table 3.2-14 Photovoltaic Packaging 
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3.2.10 Reliability and Maintainability 

A reliability and maintenance assessment was conducted for the two reference satellite systems 
(silicon photovoltaic and Bray ten thennal engine). The assessment is limited to the power genera- 
tion and distribution systems since they cause the major differences in maintenance concept. Reli- 
ability data was obtained from Boeing’s Experience Analysis Center and preliminary work started to 
determine expected luiiure rates. Failure data indicates that a considerable, continuous, mainte- 
nance effort will be required to maintain either satellite in operation with the goals of a .95 power 
output while available. Preliminary results are as follows: 

The large number of solar cells on an SPS (14.5 x 10^ is typical) leads to a potential reliability prob- 
lem even though the estimated MTBF per cell is also large, i.e.. 10^ hours. O' jrthe 30-year life of 
the SPS, approximately 0.6'/r of the cells would be expected to fail. This is not of itssli a very sig- 
nificant value: the problem arises because of the lengthy series-parallel strings, four parallel x 1 30,000 
series. If any two cells out of any four-parallel set fail, the remaining two cannot carry the string 
current As the string current ^rops. its voltage will rise and the delta voltage appears across the 
failed point. The probability of a two-ce!l-in-parallel failure somewhere in the string is quite large. 
This problem can be corrected or minimized by paralleling larger numbers of cells, e.g., 10 instead 
of 4, and by diode shunting. 1 hese measures were adopted for the Part II photovoltaic SPS designs. 

The analysis tasks conducted were: 

1. Identify subsystem configurations of baseline satellites, down to the line replaceable unit 
(LRU), including a parts count of lower levei 

2. From historical data and con.siderations of application, determine failure modes, maintenance 
requirements, and mean time between failure (MTBF) or mean time between main'enance 
(MTBM) data foi each part. 

3. Compute failure rates and maintenance rates (repair rates) for each part or subassembly. 
Determine po'wer lost due to failure or maintenance. 

These were completed for the satellite configurations identified at the Part I Midterm Briefing. 
Corrections to system designs were incorporated as a result of this analysis to reduce the impact of 
maintenance problems identified. 
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Table 3.2-15 shows the results of these tasks. The last column identifies the average power lost due 
to the failure and maintenance. The MTTR column data is primarily based on data obtaineil from a 
survey documented in “IEEE Transactions on Industry Applications.” The survey report was 
started in Vol. IA-10,H02, March/April, 1974, in an article entitled “Report on Reliability Survey 
of Industrial Plant:.” The M^i BF data was obtained from our Experience Analysis Center, MIL- 
HMBK-217B, the above IEEE Report, and other industry articles used to confirm the validity of 
data. The maintenance co cpts, logistic concepts, and maintenance equipment can be used as a 
basis for operational mainie.iance and logistics requirements definition. 

The utility industry expended approximately 67c of revenues for i.iuintenance in 1974 and 6.8% in 
1973. Of this maintenance expense approximately half was charged to the generation plants. The 
remainder of the maintenance expenses are charged to power transmission and distribution system. 

Surveys ot nuclear plant availability have shown that availability increases from approximately 60% 
to 85% vithin a six year period after the plant is first brought on line. This is due to an effort 
towards the improvement of availability and the overcoming of infant mortality failures. 

A review of the IEEE reliability survey, mentioned above, was conducted by one of the IEEE sub- 
committee members. His review indicated that the following 4 items contributed to a very large 
perc<*ntage of plant failures (> 50%). 

1. Manufacture-defective components 

2. Application engineering, improper application 

3. Inadequate installation and testing prior to startup (proo‘ rest) 

4. Inadequate maintenance. 

Table 3.2-16 presents a summary of the historical data reviewed in order to make these predictions, 

3.2.1 1 CPC Concentrator Performance 

Three-dimensional compound parabolic concentrators (CPC’s) belong to a class of reflective optical 
concentrators introduced by Winston and co-workers at Argonne National Laboratory in 1974. The 
surface geometry of these concentrators is achieved by translating and rotating the axis of a para- 
bola relative to a design^'ted optical axis and then rotating the skewed parabola around the optical 
axis ta fomi a ^.urfacv of revoltion as shown in Figure 3.2-73. The angle between the optical axis 
and parabola axis is caiV’d tht> acceptance half-angle 0c. 
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Table 3.2*1 S (Continued) 


IQUintfNT 

NOMftCLATUHf 

QUANTITY 
Rf R SRS 
INHAI 

EAILURE OR 
SCHEDULED MAINT. 

MAINT CONCEPT 

MAINT. (Quir 

LOGISTICS COtVCfPT 

mElM 

MTBE OR 
MTBM 

REPAIR 

RATE 

— 

MTTR 

78a 

DUE TO 
MAINT 
IKWHI 

4.0 OlSTRItUTIOM 
•COh'INUiDl 











4.3 POWIA CONVl HTtH 
(DC'DC. OC/ACi 

6 

TAILS TO 
regulate or 

RROVIDE OUTPUT 

ISOLATE « REPLACE 
CONVERTER 

SEAM walker 

OR 

TREE ELVER 

SPART CONVERTER 
IREPAIR AT DEPOT) 


M .B2 K 
10*1 

3.7 X 
10* 

>4 


4.2.) TRANSFOHMEAS 


OPEN OR SHORTED 
NINOINCS 

ISOLATE 6 REPI ACE 
CONVERTER 

BEAM walker 
OR 

TREE ELVER 

SPARE CONVERTER 
IREPAIR AT DEPOT) 


1.33 X 
(«• 




43.2 SEMICONDUCTORS 
4.T 2 1. THVRrSTOAS 


f AlLtO thyristor 

ISOLATE A REPLACE 
CONVERTER 

BEAM walker 
OR 

EREE elver 

SPARE CONVERTER 
(REPAIR AT DEPOT) 


2 33 X 
10' 




4.3 7 7 OlOOCS 


tailed 

ISOLATE A REPLACE 
CONVERTER 

BEAM walker 
OR 

EREE elver 

SPARE CONVERTER 
IREPAIR AT DEPOT! 


2 33 X 
lO’ 




4 3 2 3 TRANSISTORS 


FAlUn 

ISOLATE A REPLACE 
CONVERTS R 

BEAM walker 
OR 

EREE elver 

SPARE CONVERTER 
(REPAIR AT DEPOT) 






4.124 INTtGRATEO 
1 CIRCUITS 


f AILIO 

ISOLATE A REPLACE 
CONVERTER 

BE.AM walker 
OR 

EREE elver 

SPARE CONVERTER 
IREPAIR AT OEPOTI 


2BB X 

10* 




1 4.13 INDUCTORS 


eaileo open oh 
shorted 

ISOLATE A REPLACE 
CONVERTER 

BEAM walker 

OR 

EREE elver 

SPARE CONVERTER 
IREPAIR AT OEPOTI 


1.6? X 
10* 




4 34 CAPACITORS 


r ailed 

ISOLATE A REPLACE 
CUNVEPTER 

BEAM walker 
OR 

EREE elver 

SPARE CONVERTER 
(REPAIR AT DEPOT) 


lEB X 
10* 




4.3 S RESISTORS 


tailed 

ISOLATE A REPLACE 
CONVERTER 

BEAM walker 
OR 

EREE elver 

SPARE CONVERTER 
(REPAIR AT DEPOT) 


3 33 X 

io' 




4 36 CONNECTIONS 


f AiUO 

ISOLATE A REPLACE 
CONVERTER 

BEAM walker 
OR 

EREE elver 

SPARE CONVER TER 
(REPAIR AT DEPOT) 


10X10* 

(SOLDER 

EDI 
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Table 3.2-16 Photovoltaic Solar Power Satellite 



MTBF (HRS) 

FAIL/10® 
OPER HRS 

ENVIRO 

ADJ FAC 

ADJ VAL, 
FAIL/10°HR 

MTTR 

SOURCE 

REFLECTORS 








SUBSTRATE, KAPTON 








COATING, ALUM 








INSTALLATION DEVICES 








JOINTS, ZIPPERS 

- 

2.04 

GND 

7 

.29 


FRD VOL I, PG 107 

TERM, CLAMPING DEVICE 


1 .51 

GND 

7 

.22 


FRD VOL I, PG 143 

TENSIONING, SPRING 


.110 

CMP LAB 

NONE 

.110 


D180-18389-1, PG 201 

SOLAR CELL ARRAY 

R=. 99952 


SPC 




D2-1 14080-1 , PG 16 

SOLAR CELL 


.01 

SPC 

NONE 

.01 


SPECTROLAB DOC 021219* 

SUBSTRATE, KAPTON 

- 







INTERCONNECT, PRINTED 
CIRCUIT 

“ 

.0008 

CMP LAB 

NONE 

.0008 


D2AGM 12101-1, PG 44 

CONDUCTOR SYSTEM 








CONDUCTOR (SHEET ALUM) 

- 







TERMINATIONS - WELDS 

- 

,0005 

CMP LAB 

NONE 

.0005 


D2AGM 12101-1 

INSULATORS (CERAMIC) 









*1-1 *^-73 (BOEING S-3 SOLAR ARRAY PROG) PG 3 
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Table 3.2-16 Continued 




FAIL/10® 



ADJ VALUE 
FAIL/1 0®HR 




MTRF (HRS) 

OPER HRS 

ENVIRO 

ADJ FAC 

MTTR 

SOURCE 

SWITCH GEAR 








SOLENOID, KNIFE SWITCH 

- 

1 .87 

GND 

A 

.47 


FRD VOL I EG 394 

CAPACITORS (AOOOOv- 

_ 

.20 

CMP LAD 

NOMF 

.20 


D180-183C9-1 , PG 28 

2000A) 








CIRCUIT RREAKER 

3,279 

305 

GND 

O 

L. 

152.5 


LMEC 69-7, VOL I TABLE 1-40 
PG 1-97 

POWER CONVERTOR 








TRANSFORMER 

3,636 

275 

GNO 

6 

45.83 


LMEC 69-7 VOL J TABLE 1-40 
PG 1-97 

SEMI CONDUCTORS 








DIODES 

- 

.043 

SPC 

NONE 

.043 


FRD VOL I, PG 341 _ ^ 

Q S 

THYRISTORS 


.043 

SPC 

NONE 

.043 


FRD VOL I, PG 341 









INDUCTORS 

- 

.006 

SPC 

NONE 

.006 


FRD VOL I, PG 77 ^ g; 

CAPACITORS 


.180 

SPC 

NONE 

.180 


FRD VOL I, PG 42 









RESISTORS 

- 

.030 

SPC 

NONE 

.030 


FRD VOL I, PG 280 a” 

CONNECTIONS 







WELDED 

- 

.0005 

CMP LAG 

NONE 

.0005 


D2AGM 12101-1 , PG 38 

SOLDERED 

- 

.00001 

SPC 

NONE 

.00001 


SPECTROLAB DOC 021219 
PG 3, 1-16-73 
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Table 3.2-16 Continued 



MTBF (HRS) 

FAIL/10^ 
OPER HRS 

ENVIRO 

ADJ FAC 

ADJ VAL 
FAIL/1 0® HR 

MTTR 

SOURCE 

ENERGY STORAGE 








NT CAD BATTERIES 

104,167 

9.60 

ACFT-FLT 

20 

.48 


EAC COORD SH SEP 25, '73 

SILVER ZINC BATTERIES 

171 ,527 

5.83 

SAT 

NONE 

5.83 


02 AGM 12101-1, PG 18 

THERMAL CONTROL 








HEAT PIPE 

30,000 

33.33 

GND 

2 

16.67 


N544-77-3 

COMMERCIAL REFRIGERATION 








UNIT (I0-20T) 








RADIATOR 

7,407 

135 

SHP 

20 

6.75 


FRD VOL I, PG 250 

PUMP COOLANT 

1 ,538 

650 

ACFT-FLT 

30 

21.67 


RADC-TR-75-22, PG 2-181 

PUMP MOTOR 

8,000 

125 

GND 

6 

20.83 


LMEC 69-7 VOL I TABLE 1-34 








PG 1-82 

CONTROLS 

166,667 

6.0 

GND 

4 

1.5 


FRD VOL I, PG 177 

MICROWAVE GENERATORS 

N/A 







PREAMPLIFIERS 

N/A 







POWER AMPLIFIERS 

N/A 







PHASE control SYS 

N/A 







CENTRAL 

N/A 







SUR ARRAY 

N/A 
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MMI 



ROTATE SKEWED PARABOLA 
ABOUT OPTICAL AXIS 

Figure 3.2-73 CPC Surface Generation 



CPC's represent an alternative means for concentrating solar energy on photovoltaic arrays. Boeing 
developed a concentrated SPS photovoltaic array concept using CPC's under contract NAS 8-31628. 
In the current study, an evaluation of the performance of CPC’s was performed. In particular, the 
following questions were answered to help determine the advantages or disadvantages of CPC's com- 
pared to more conventional “V" ridge concentration concepts. 

1 . What is the off-axis performance of three-dimensional CPC's? 

2. How does the choice of acceptance half-angle, 0c, affect CPC performance? 

3. What is the distribution of solar flux over the concentrator receiver area? 

4. How is the geometry of the CPC affected by acceptance half-angle? 
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A Monte-Carlo ray-trace computer program was modified to accept the CPC geometry. The nominal 
angle between the CPC optical axis and rays entering the aperture was specified along with the dis- 
persion angle between rays (0.5 degrees for solar flux at Earth orbit). 

Other input variables were CPC acceptance half angle Oc, concentration ratio and receiver diameter. 
The program computed the distribution of flux on the receiver aiea, and average number of reflec- 
tions experienced by all rays reaching the receiver. 

Computed off-axis performance of a three dimensional CPC with a concentration ratio of 6 is 
shown in Figure 3.2-74. The total energy loss is broken down into cell reflection loss, mirror reflec- 
tion loss and rejection loss. The cell reflection loss accounts for the fact that 10% of the energy 
reaching the cell was reflected. Mirror reflection loss arise from the absorption or solar energy by 
the CPC reflective surface. In this particular case, it was assumed that 1 5% of the solar energy inci- 
dent on CPC surfaces was absorbed and 85% reflected specularly. Rejection loss accounted for 
energy which was reflected back out of the CPC aperture after several reflections from the CPC sur- 
face. This rejection loss would occur if the CPC surface were a perfect reflector and the receiver a 
perfect absorber. At high off-axis angles, the amount of energy reflected back out the aperture 
became significantly large. A rule of thumb for estimating the off axis performance of CPC’s is that 
rejection loss is only a few percent until the angle betw'een the optical axis and incident rays approaches 
the acceptance halt angle. 

A comparison of off-axis performance of CPC’s with 24” and 1 1.5” acceptance half-angles is pre- 
sented in Figure 3.2-75. Concentration ratio is 6 for both options. Where the angle between the CPC 
optical axis and incident rays w'as small, total performance of the 1 1.5” acceptance half-angle CPC 
was greater than that of the 24” half-angle CPC. The performance of the 1 1.5” acceptance half- 
angle CPC dropped off steadily at off-axis angles in excess of 8” while the 24” acceptance half-angle 
CPC performance remained essentially constant out to an off-axis angle of 16” to 20” and then 
decreased rapidly. 

Figure 3.2-76 shows a typical predicted flux distribution on the receiver surface of a concentration 
ratio 6 CPC for a zero degree off-axis angle. Local concentration ratio, from the receiver centerline 
out to 30% of radius, was constant at 0.9. This area received only those rays which entered the 
aperture and intercepted the receiver with no intermediate reflections from the CPC walls. Energy 
reflected from CPC walls fell in two distinct rings, one centered about a radius ratio of 0.6, and one 
at the outer radius of the receiver. 

The relationship between CPC depth and acceptance half-angle is shown in Figure 3.2-77 for a con- 
centration ratio 6 device. Transaction of the CPC produces a shorter and therefore lighter device, 
however, off axis performance is degraded as was shown in Figure 3.2-75. 
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Figure 3.2-74 CPC Off-Axis Performance Breakdown 
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Figure 3.2-75 Effect of Acceptance Half-Angle 
On Off-Axis Performance 
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Figure 3.2-76 Flux Distribution On CPC Receiver 



Figure 3.2-77 

Relationship Between 
CPC Dimenaons And 
Acceptance Half-Angle 
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3.3 Thetmal Engine SPS Configuration Analyses 

This section of the Part 1 report covers the thermal engine options. There are three varieties: (i) 
thermionics, which is a type of non-mechanical engine that works on thermodynamic principles, 
(2) gas cycle, and (3) Rankine vapor cycle. 

In Part 1, several key problems and issues were addressed: on a system involving plumbing, pumps, 
valves, and rotating machines, reliability and maintenaace is an important question as is the defini- 
tion of cycle state points. Power generation module size was also addressed. Going from 4 to 16 
modules, for example, actually turned out to make the system lighter. We have consistently endeav- 
ored to reduce the mass of the system. We have carefully looked at what materials we use, as regards 
costs, and to the general availability of reserves, etc in the thermal engine system, up to this point, 
we have used reflectors made up of a large number of individual facets, which must be pointed. We 
analyzed the impact of flying a thermal engine satellite module by self-power from low orbit to geo- 
synchronous orbit, and what must be done to the module in order to accomplish that. And we con- 
sidered what must be done with thermal engine component designs to package them into the launch 
vehicles. We had to make some design adjustments in this area. 

Principal thermal engine results were as follows: Three options were recommended for rejection. (1) 
the thermionics SPS system continued to show total masses approaching twice those of Brayton, 
potassium Rankine, or silicon photovoltaic. (2) Organic Rankine is temperatui' limited by pyrolysis 
of the material such that good cycle efficiency cannot be obtained at heat rejection temperatures of 
practical interest. (3) Steam Rankine is not temperature limited by water decomposition but the 
thermodynamic properties of water are such that condensation must taxe place at lower tempera- 
tures than desired. A steam cycle operated at the minimum mass statepoints would be almost a 
steam Brayton cycle, with no advantages over helium Brayton. 

The Brayton and potassium vapor Rankine cycles are quite attractive from the mass and cost stand- 
point. Costs for these options are quite comparable and were based on industrial turbogenerator 
experience. 
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Conceptual design solutions were developed for all of the major system elements. The general 
appearance of the thermal engine SPS’s was significantly modified to enhance constructability. This 
included reducing lue module size from about 4000 megawatts to about 1000 megawatts (onboard) 
output and changing to a simpler concentrator geometry. 

Sensitivity analyses were conducted on Brayton and Rankine turbine inlet temperatures. The sensi- 
tivity was small enough lo merit consideration of lower temperatures for developmental systems; 
this could reduce development cost. 

The three types of thermal engines have common subsystem elements as indicated by Table 3.3-1. 
For example, a reflector (the optical concentrator) is used by all candidates. The cavity absorber is 
also common, as is the use of graphite-epoxy structure throughout, and the use of heat pipe radia- 
tors. The thermionic system does not use pumped fluids in the radiator; localized heat pipes are 
used instead. Turbo generators are not required in the thermionic system; however, it is necessary lO 
use motor generators to step up the low volt^e DC output of the thermionic diodes to hi^ voltage 
DC. Therefore, the thermionic system has rotating cmnponents also. 

Subsystems analyses are described primarily in terms of the Brayton reference systems; these results 
were also aj: plied to the other options. 

3.3.1 Solar Brayton Cycle SPS 

The simplified schematic shown in Figure 3.3-1 illustrates the fundamental elements of Uie Brayton 
SPS. 

The solar concentrator reflects and focuses highly concentrated sunlight into the cavity absorber 
aperture. The cavity absorber is an insulated shell lined with heat exchanger tubing. Helium gas 
flowing through this tubing beaimes heated (simultaneoudy preventing cavity over heating). 

Hot helium expands through the turbine, doing the work of turning the compressor and the gener- 
ator. The compressor forces the helium flow around the cycle loop. Minimum gas temperature 
occurs at the exit of the cooler, which is a gas-to-liquid heat exchanger interfacing the helium loop 
to the radiator system. The recuperator is a gas-to-gas heat exchanger which increases the system 
efficiency by exchan^ng energy between the “hot” and “cold” sides of the cycle. The recuperator 
causes the average turbine temperature to be higher and the average compressor temperature lower 
for given maximum and minimum cycle temperatures. 

Waste heat is rejected by a liquid metal radiator system. The working fluid is a solium-pot^sium 
eutectic (NaK). NaK pumping is by a motor/pump system drawing power from the generator. 
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3J.1.1 CMfigmtioB EvofatkM 

Seven changes from pievioiis ^udy results were introduced as fcrikrws; 

1 . The JSC MPTS was used, with two 5 -GW trensmitters supplied at 40 OOOV. 

2. Krect current powa' distribution (resulted from this change). 

3. Gtairitite epoxy stnKture u as employed. 

4. Beam buihiers were asaimed for structure fahncation. 

5. The SK was nzed for averse eflective inst^titm. 

6. Reflector degradation data were incorporated. 

7. Hardware was sized for diroyd of two-stage ballistic/ballstic HLLV (roii^hly 1 7m dia by 2Sm 
long). 


Tte ground output remains at 10 GW, but is now divided between two trananitters. These are 
Klystron type, at 40,000 volts dc. As a mult, the SK u 'ess massive with a d.c. power distributimi 
system . 

The structure system baselined is graphite epoxy. Triangular beams are formed in orbit, frmn canis- 
ters of flat parts, u»ng “beam madiines.” The system is sized to provide an annual average output 
of IG GW despite variations in solar illumination (indudii^ occultation). Sy^on sizing also indudes 
allowance for radiation induced d^uadation of the plastic film reflectors (usii^ test data from proj- 
ect “ABLE”) .\ll hardware must also be transportable within a 1 7 meter shroud diameter. 

The initial <x>nflguration resulting from these changes is shewn in Figure 3.3-2. 

The reference SPS was flown perpendicular to the orbit piane-rather than directly fadng the sun. It 
maintained a horizontal attitude with respect to the Earth's equator below. This attitixle avoids the 
persistent gravity gradient torques that woukl result from directly fadng the sun. and r^uce* con- 
trol problems and propellant expenditure. As a result, the sunlight incident on the satellite varies 
seasonally with direction, as shown in Figure 3.3-3. There is. associated with this apparent motion, 
a concentrator performance loss of several percent. 

By rolling the satellite 1 about the axis to the sun at each equinox, the apparent motion of the 
sun could be halved as illustrated in Figure 3.3-4. 
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SIZING REQUIREMENT: 

A1-S SYSTEM SISNO SHALL BE REFERENCED TO BE^MUNM^^IFE 
OONDmONS «NTH ANV SEASONAL VARIATIONS AVERAGED OVER A YEAR.*’ 


ANNUAL SOLAR FOSITION RELATIVE TO EOUATORIAL HANE 



TRACKINQ THIS MOTION REQUIRES FACET TRAVEL OF 1 11.7S* 





F|guie33*3 SPS Orientation 


RTHEN FLYING F.O.F.: 


• WITH RESPECT TO THE SATELLITE. 
the sun moves OVER A 46w94» ARC 
UUST AS IT DOES FOR US ON EARTH) 




Figuie 3.3-4 Solar Orientation Effects 
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The apparent solar motion with resp^t to the tilted solar concentrator dishes is only and -1 1 .74^ 
shown in Figure 3.3-5. 

If the roll motion is accomplished by thrusters near the antennas, only 50,000 kg of propellant 
would be required at each equinox for a spedflc impulse of lO^X) seconds. If the tips are to see no 
more than 0.(K)1 G (0.00982 m/sec^) four hours would be required for the roll maneuver. 

An alternative approach yielding higher efficiency would be articulation of the four di^es, which 
would then be constantly adjusted to face the sun (roll would not be required). 

The tilt and roll maneuver increases annual system efficiency about 7%. Articulation would yield a 
total impro^ment of about 10%. 

The general arran^ment of the resulting TPS configuration is shown in Figure 3.3-6. Modules are 
attached mechanically at three points; two apexes of the (xrncentrator “dish” and the end of the 
spme. 

The four modules are each mounted with an 1 1 .74^ tilt with respect to the long axis. Note that 
antenna mounting is at the apex of the hexagonal concentrators rather than at the center of an 
edge. This allows power distribution down a cavity absorber support arm. Thus the north-south axis 
of the SPSis not parallel to the spine. 

The construction concept selected for the photovoltaic SPS designs in effect “extrudes” the satel- 
lite. The initial concept for construction of the four module thermal engine satellite involved a small 
facility surrounding the cavity absorber and “free-form” construction of the solar concentrators. 
Construction equipment moved about using the SPS structure as support. A “facilitized” construc- 
tion concept for the thermal engine “dish” concentrators was developed. While the concept appears 
feasible it does not appraoch the simple “extrusion” concept. 

Therefore, the thermal engine SPS configuration was revised to permit “extrusion.” One module of 
such a satellite is shown in Fig. 3.3-7. As with the previous hexagonal dish configuration, a “halo” 
radiator surrounds the cavity absorber, which is mounted above the solar concentrator by two sup- 
port arms. The solar reflector facets are arranged in the form of a trough; the trough is a straight 
line along the north-south axis of the satellite and is parabolic in cross section. The north-south 
dimension of the module is 0.707 of the width of the troi^h; looking down on the module the facet 
area would be seen to be circular except for the straight portions at the north and south ends. 
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NOftTH 

SOUTH 


1. MOUNT CONCENTRATOR DISHES WITH H.K^TILT (THIS AUO BETTER 
AUGNS RADIATOR TO METEOROID STREAMS AND REDUCES RADIATOR 
SHADING OF CAVITY) 


Z IMITATE SPS ISQ^ ABOUT ROLL AXIS EACH EOIRNOX (REQUIRES -SOW KO 
ARGON/R(M.L. 1VSSEE aOOl G RM (FOUR HOIX^ 


I^ULTANT AFTAROIT SOLAR rasmON (WITH RESEKT TO PaVnXHCULAR 
TO CONCENTRATOR) 


SUN POSITION 
RELATIVE TO 
PERPENDICULAR 
TO DISH 
(WITH 11.74R 
TILTR EOIMIOCTIAL 
ROLU 



• REQUIRED FACET TRACKING SWTION IS ±SJ7* 

• OVERALL SFS SIZE S REDUCED •• 7* 


figure 33-5 An Ai^roadi To Achieving H^her Annual Efficiency: “TOt And Roll” 
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Figure 3.3-7 Trough Type Module 
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While better suited for construction, this concept wiU not have the optical efficiency of the didi 
coa^uration. The effk^cy relative to tte 1 .0 of a perf^t circular parabotoid is expect^l to 0.92; 
the previous hexaconal dish efficiency was 0.96. In the hexafonal dish the facets were arranged with 
a just bige enoi^ to inr^ude medianical interference. In the troi^ arrangeinent the facets 
undo' the cavity can also be d<»e tc^ther. At the north and south ed^ the fKets must be tilted 
uid spaced apart to prevent di«lowiiig. The antish^owing gaps between facets are now estanated 
at 16% of the reflects ar^. Thus the cemcentrator structure is increased 16% in area over hexago- 
nal dish, but the facet area is increased (Hily 4.3%. 

At the time this chai^ was made, the module size was also rediKed, therefore, requiring a total of 
16 nKidules to obtain the required total output. Such asystem using the “trou^"c(»ice^ desaibni 
above is shown in Fig’s 3.3-8 and 3.3-9. Six modules ar* arranged along the north-south axis, with 
the transmitters mmmted at each end. Three power distribution ‘*s{nnes'’ interconnect tire modules 
ami antemias. 

Ths conf^iratkm |»ovid» two benefits in addition to constructability: 

• The module size is appropriate to a large-scale pilot plant ; 

• An entire modute can be diut down for servidng of machinery without excesave imf»ct on 
plant output. 

13.12 BnytonCyc*' Analysis 

Brayton cycle analytis employed a hierarchy of manually-interfaced computer models initially 
(teveloped during an earlier study. The overall modelir^ approach is diagrammed in Figure 3.3-10. 
Concentrator-absorber and radiator models and analyses are described under sections 3.3-4 and 
3 J-6, re^ctivel/. Cycle analyses were conducted over a range of temperatures. Results are ^o\m 
in Figures 3.3-1 1 and 3.3-12. Table 3.3-2 summarizes state points for the Brayton system at two 
representative temperatures. 

To facilitate the evaluation of intercooling and reheat as potential perfoimance improvement 
features for i-he closed Brayton cycle a simple efficiency prediction technique has been developed 
which closely approximates the more detailed comprter analyses. In this technique the cycte effi- 
ciency is calculated by: 
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where: 


(T4 ♦ lijJi) - (To + lLj[a ) 

2 2 

cycle = %mc’lc*rr^R - — ■ — - " — 

(T4+Zl:i) 

2 

mkr = Efficrency factors of bearing loss & turbine disk co<4ii« - 0.98 


c 

— 

Compressor efftckncy = 0.875 

T 

- 

Turbine efficiency = 0.920 

er 

- 

Recunentnr ^flectiveiiMC = T 2 ~ Tj 

T 4 -T 1 

To 

- 

Cooler gas outkt temperature 

Tl 

s 

CompressTK outkt temperature 

T2 

= 

Cavity heat absorber inkt temi>eniture 

T 3 

= 

Cavity absorber outkt temperature 

T4 

=. 

Turbine outkt temperature 
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Figure 3.3-8 16 Module SPS Conflguretion 
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Figoie 3.3-10: Cycle Andysis Model Hi e rarch y 



CYCLE TEMPERATURE RATIO 
MINIMUM GAS TEMPERATURE 
" MAXIMUM GAS TEMPERATURE 



F«uie 3.3-11 Eff«:t of Cycle Temperature Ratio 


Figure 3.3-1 2 Effect of Gas Temperature 
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TaUe 3.3-2 Selected Cyde State Points 


TW, 

(Wall Temp) 

1650 

1450 

TO 

(Min. Gas Temp) 

404 

355 

Tl 

(Comp. Outlet Temp) 

603 

527 

T2 

(Absorber Inlet Temp) 

1108 

977 

T3 

(Turbine Inlet Temp) 

1617 

1421 

T4 

(Turbine Outlet Temp) 

1190 

1048 

T5 

(Cooler Inlet Temp) 

685 

598 

TLI 

(f l.nimum NaK Temp) 

377 

339 

TL2 

(Maximum NaK Temp) 

644 

564 

T0/T3 


0.25 

0.25 

T3/TW 


0.98 

0.98 

Er 

(Recuperator Effectiveness) 

0 .86 

0 .86 

Ec 

(Cooler Effectiveness) 

0 .13 

0.937 

Pc 

(Compressor Outlet Press) 

4 .239 

4.220 

AP/Prec 


0 .029 

0.030 

Z^/PCAV 


0.014 

0.008 

^/PCOOL 


0 .010 

0.009 

AP/PxoT 


0.053 

0.047 

CYCLE EFFICIENCY 


0 .439 

0 .444 

CYCLE PRESSURE RATIO 


2 .453 

2 .424 


K 

K 

K 

K 

K 

K 

K 

K 

K 


X1Q6 
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Reheat is the use of two turbine sections with two heat exchanger assemblies in the cavity. After 
turbine expansion of gas heated in one heat exchan^r the flow reenters the cavity for further heat- 
ing in the second heat exchanger and is then expanded through the second turbine as shown in Fig- 
ures 3.3-13. Intercooling is the use of two compressor sections and two coolers (gas-to-Uquid heat 
exchangers interfacing the gas flow to the radiator system). 

After passing through one cooler and compressor, the flow is cooled again (heating occurs during 
compression) and then passes through the second cooler and second compressor. The net effect is to 
increase the average cycle temperature ratio, which tends to increase cycle efficiency. However, the 
radiator mean heat rejection temperature reduces, so that there is less heat rejection per unit area. 
Higher efficiency means less heat to reject, however a preliminary analysis was performed to deter- 
mine that reheat may offer net mass reduction sufficient to warrant the additional complexity as 
noted ;n the Figure. 

33.2 Rankine Cycles 

33.2.1 Rankine Cycle Screening 

This section describes the results of a preliminary evaluation of Rankine thermal engine concepts. 
Liquid metal organic and steam Rankine cycles were investigated, and their performance, size and 
mass characteristics were compared with the Brayton cycle reference system. 

The objectives of this study were to identify thermal engine energy conversion options for the Solar 
Power Satellite (SPS) and perform a series of screening tests to cull out concents that fail to meet 
minimum performance, mass, and cost criteria. Evaluation data were developed for concepts which 
successfully passed through all screening tests. The results of this study provide a quantitative 
comparison of the perfomnnee, mass, and cost characteristics of thermal engine energy conversion 
concepts for generation of elec. rlcaJ power in space. 

Specific thermal engine concept investigated in this study were the following; 

1. Basic Rankine cycle 

2. Regenerated Rankine cycle 

3. Regenerated Rankine cycle with reheat ORIGINAL PAGE IS 

OF POOR QUALITY 

4. Rankine cycle with steam extraction feedwater heating 

Schematic diagram of these cycles are shown in Figure 3.3-14. Three working fluids: potassium, 
organics, and water, were studied. 
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BRAVTON * REHEAT 




• With reheat, turbine exhaust Is applied to another 
cavity absorber section and then p o fd thro^^ 
a second turbine. 

• As a result, averate hot-end temperrtnie i ncrease s. 

• With same teciq^alor effectiyencM. ndiator BVCtBfc 
temperature increatet. 

• Net C]^ eflicieiicy increases 3. S9%. 

• iiasa changes: (pfe K minaf y ) 

-Snalier^ -3.74xl0^kg 

♦ Heavier cavity ahaarher ♦ 1.29xi(Pkg 
-U^tarratiator -4.2Sxiyia 

-«.73xl0^kg 

Figure 3.3-13 Reheat Could Reduce System Mass Approximately 7% 


TURBtNe 



BASIC RANKINE CYCLE 


TURBINE 



RUMP 

REGENERATED RANKINE CYCLE 


TURBINES 




REGENERATED RANKINE CYCLE WITH REHEAT RANKINE CYCL”. WITH STEAM EXTRACTION 

FEEDWATER HEATING 

Figure 3.3-14 Rankine Cycle Options 
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A four-step screening process was adopted to identify viable thermal engine concepts. The screening 
process steps are shown in Figure 3.3-15. Parametric cycle performance data was developed for ail 
candidate cycles. Figure 3.3-16 shows a typical set of performance data for steam Rankine cycles. 
The thermal efficiency of each candidate cycle was compared with the efficiency of the Brayton 
cycle baseline system. Concepts exhibiting efficiencies greater than 45.6% were passed on to the 
next test. First order mass estimates were made for concepts which failed the performance screen. 
If the concept was found to be competitive with the Brayton system on the basis of mass, regard- 
less of lower cycle efficiency, then it too was passed on to the next screen. The potassium Rankine 
cycles, for example, exhibited thermal efficiencies between, 27 and 32 percent, well below the 
Brayton cycle value. However, they were found to have approximately the same mass as the Brayton 
cycle, in a large part due to smaller radiators, and were therefore advanced to the next screening test. 
Concepts which failed both the performance and mass-estimate screening tests were the organic 
Rankine system and basic steam Rankine system. 

In the second screening test, candidate concept having peak cycle temperatures in excess of 1 644°K 
were discarded. Low pressure steam Rankine concepts were dropped from further consideration at 
this point. 

Mass models of major energy conversion system components were developed for cycle concepts 
which successfully advanced through the peak temperature screening test. The energy conversion 
system was defined as consisting of the solar concentrator reflector facets and structure, cavity heat 
absorber assembly, regenerator/cooler, turbomachines, and main radiator. Mass models were 
developed for radiators, heat absorbers, regenerators and turbines. Solar concentrator mass was 
assumed to vary with cycle efficiency according to the expression 

Mi = Mb Nb 


Ni 


where 


Mi = solar concentrator mass of candidate system 
Ni = cycle efficiency of candidate system 
Mb - solar concentrator mass of Brayton baseline 
Nb = cycle efficiency of Brayton baseline 
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F^uie 3.3-1 5 Thermal Engine Screening Approach 



TURBINE INLET TEMPERATURE (K) 


Figure 3.3-16 Steam Rankine Cycle Performance With Regeneration, Reheat, 
and Heat Rejection at 422K 
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The conversion system mass of each candidate cycle concept was calculated and compared with the 
mass of the Bnyton cycle conversion system. pressure steam Rankine cydes, both regenerated 
and regenerated with reheat, were found to be more massive than the Brayton cycle baseline and 
wne consequently dropped from furtlrer consideration. In the case of the steam Rankine cycle 
options, radiator and turbomachinery masses were significantly greater than the corresponding 
comptMients of the Brayton cycle system. Radiator mass for the I422^K potassium Rankine cycte 
was one-third that of the Brayton cycle radiator, however, turbine and solar concentrator mass were 
so great that this advantage was lost. High turbine mass was caused by large wheel diameters and 
large number of sti^s necessary to expand through an 80: 1 ratio. 

Tire huge number of stipes and great difference in wheel size between high and low pressure ends of 
the turbine necesatated a design consisting of a hi^ pressure section with its own shaft and housing 
plus two low pressure s^tions each having separate shafts and housings. This design was essentially 
three separate turbo-machines with associated interconnecting ducting and controls. The 1422^K 
potasaum Rankiire system was mote ma^ve than the reference Brayton system but was retained 
for comparison with lower temperature Brayton systems. 

The potassium Rankine cyde with 1600^K turbine inlet temperature was the only thermal engine 
option for which initial and operating costs were projected to be approximately equal to Brayton 
system costs. Hence, the I^X)^K potassium Rankine system was passed throi^ the flnal screening 
test and therefore was considered as a viable alternative to the Brayton cycle concept. 

Table 3.3-3 summarizes performance and significant thermodynamic va:iable$ for candidate energy 
conversion concepts. Cyde effidencies of the potassium Rankine options were sacrificed in order to 
keep the low pressure stipes of the turbines from growing to untiactable dimensions. Steam Rankine 
cyde efficiencies ranged from 32 to 42%. however efficiencies in the high end of this range could 
only be achieved at high turbine inlet temperature or pressures. 

Effective temperature, heat rejection, projected area, and mass of radiators for candidate thermal 
engine options are compared in Table 3.3-4. The common denominator for each option in this 
comparison is equal system power output. Differences in heat rejection levels are due to different 
cycle efficiencies. Projected area is influenced mainly by effective radiator temperature and heat 
rejection level according to the relationship. 

Area ® Q/j4 


where Q = heat rejection 

T = effective radiator temperature 
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Tabk33-3 Cydc Chwicteiiitici 


CYCLE 

TURBINE 

M^ET 

TEMPERATURE 

(•K) 

TURfitNC 

INLET 

PRESSURE 

WSA) 

tlMBME 

PRESSURE 

RATIO 

COMPRESSOR 

INLET 

TEMPERATJRE 

••K) 

COMPRESSOR 

INLET 

PRESSURE 

WSIA) 

CVCLE 

EFFICIENCY 

% 

• BRAVTON BASELINE 

MIT 

•IS 

2A5 

404 

251 

49R 

• POTASSRJM RANKINE 

1«0 

410 

200 

867 

2A 

91A 

• POTASMUM RANKNIK 

1422 

201 

Bt 

867 

2A 

274 

• STEAM RANKMK 

MM 

2» 

22 

967 

11.S 

42JB 

• STEAM RANKNK 

B11 

9000 

2B1 

9BT 

11JB 

944 

• STEAM RAMCNIE 

1M4 

9000 

12.1 

476 

247 
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•MM 


TMEfMAL BXGINE 
CYCLE 



B«AYTDN CYCLE 

• BASELINE NAK 

• BOOOKCONOEietNG WATER 


EOTASSIUM RANKINE CYCLE 

• CONDENSING POTASSIUM 

(1G00OK lOROlK'E) 

• NON-COMSENSINO NAK 
SISOQOK TURBINE} 

• CONDENSING POTASSIUM 

(14220K TURBINE) 


STEAM RANKINE CYCLE 


• CONDENSING STEAM 
(1B4«^ TURBINE) 


EFFECTIVE 

RADIATOR 

TEMPERATURE 

HEAT 

REJECTION 

IKW) 

PROJECTED 

AREA 

(m2) 

MASS 
10* KG 

r*K) 




476 

XTSXIO^ 

941X10* 

494S 

441 

XTSX^ifi 

896X10* 

4941 

•97 

429X10^ 

125X10* 

040 

707 

62BX10B 

241X10* 

2144 

•37 

7.MX1(^ 

149X10* 

1240 

969 

478X10^ 

9028X10* 

11820 
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Several significant re»tlts are presented in this compari»>n. First, an altemsdive radiator c<Hioe|M 
utilizing water as a transport fluid was found to be competitive, from a mass stand point, with the 
baseline NAK radiator for the Brayton cycle system- The radiator receives an 525°K mixture of 
saturated liqu^ and vaporiied water from the helium cooler. As the mixture flows through tire 
radiator, it a>ndenses at an almost constant temperature of S2S°K. Downstream of the point at 
which the vapor has completely condensed, the radiator temperature decreases in a nmmal manner. 

Radiators for potasium Rankiire cycle options were agniflcantly less massive than Brayton cycle 
radiators. This was largely due to the higher heat rejection temperatures (837°K vs 476®K) chosen 
for the potassium Rankine cycles. The least massive radiator designs were those utilizing the potas- 
sium workii^ fluid as a heat transport medium. The pot^uin was asumed to enter these dea^is 
as a saturated vapor and exited as a saturated liquid resulting in a uniform temperature r^iator 
whidi operated at the maximum heat rejection temperature po^ble for the cycle. Utilization of a 
noncondenang fluid such as NAK to reject heat from the Rankine cycle ofKions results in lower 
effective radiator temperatures and consequently larger areas and more m^ve radiaures. 

Steam Rankine cycle radiators were two to three times more m^sive than the Brayton cycle base- 
line radiator. Thb was mainly due to the low heat rejection temperature nerressary to achieve cycle 
efficiencies which were approximately equal to those of the Brayton cycle. An additional limit on 
condensing water radiators was the sharp increase in fnessure with increasng temperature for the 
vapor-liquid state. Thus, as radiator temperature was increased manifolds, headers, and tubing 
became heavier due to increasing pressure. 

The results of cavity heat absorber mass predictions are presented in Table 3.3-5. The factors having 
major influence on heat absorber mass were fluid temperature and pressure. Absorber tube wall 
thickness was determined by stress level and the creep rupture strength to the wall material. Massive 
absorber assemblies resulted from a combination of high fluid pressure and degraded tube wall 
strength due to elevated temperatures. Convective heat transfer coefficients between the woildng 
fluid and absorber tube wall also influenced heat absorber system mass. Absorber tube length varied 
inversely with heat transfer coeflidents and cons^uently heat absorber mass was less for systems 
in which high heat transfer coefficients were maintained. 
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The pot^iun Rankine system with I422^K turt>ine inlet temperature had the lowest absorber 
mass of all systems considered. This was due to a o>mbination of low (I422^K) peak temperature 
and low working fluid pressure (1.4 Mpa; 200 psia vs 3.5 Mpa; Soc psia for the Brayton baseline 
system). The sensitivity of absorber mass to pressure and temperature is demonstrated by a five-fold 
increase in absorber mass which resulted from an increase in potassium saturation temperature from 
1422®K to 1644°K. 

A comparison of amver^n system mass for five candidate thermal engine options is summarized in 
Tabte 3.3-6. The masses are clustered into two discrete groups. The potassium Rankine options and 
Brayton baseline concept masses are grouped at about SO x 10^ Kg while the steam Rankine sys- 
tems fall in a region beyond 1(X) x 10^ Kg. The major contributors to conversion system mass of 
the pota^um Rankine options were the turhines, while radiators were by far the most massive ele- 
ment of the steam Rankine systems. No cooler weights ate shown for the Rankine cycles because 
the cycle working fluid was utilized as the radiator fluid thereby eliminating the need for a heat 
exchanger. Both potasium Rankine cycles and the 81 1*^K turbine inlet temperature steam Rankine 
cycle were designed with the turbine expansion proces terminating in the two phase region. Hence 
there was no temperature potential for regeneration in these cycles. 

3J.2.2 Potassium Rankine Cycle 

The following meui vapor Rankine cycle analysis was provided by General Electric under 
subcontract. 

The alkali metal Rankine cycle provides a thermal energy conversion system operating in the tur- 
bine inlet temperature range from 2I00°F to 2500°F and a heat rejection radiator temperature of 
1 100®F. Compared to the Brayton cycle, the system utilizes a low power liquid metal pump rather 
than a compressor to transport the working fluid and does not utilize a high temperature recupera- 
tor. Heat can be directly rejected from the system in a condensing space radiator without the 
requirement for an intermediate heat exchanger or cooler. Each turbine system consists of a high 
pressure double flow turbine and two low pressure double flow turbines. 

The cycle is diagrammed in Figure 3.3-1 7. 

A broad spectrum of materials evaluation and component design, development and testing exists in 
alkali metil Rankine cycle technology. Prior efforts for small scale nuclear power applications in 
space provided the background from which to consider Solar Power Satellite applications. The 
following items are highlights from these programs; 

• 10 years. S24M prior space power program 


• 1 2,000 hours potassium turbine testing 
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• 800,000 hours alkali metal boOing/condensing testing 


• Refractory alloy processing forming, machining, & welding established 

• Alkali metal purification, analysis, handling and control e^blished 

• Materials compatibility in alkali metals determined 

• Alkali metal bearings and bearing materials investipted 

• EM boiler feed pumps operated 10,000 hours at lOOO^F - I400°F 

• Dump tanks, gettering systems, valves, oxygen meters, etc. evaluated 

• 450 KWe potassium turboaltemator designed for space 

A s^ificant amount of boiling-condensing test experience has been developed in several organiza- 
tions on potassium and. to a much lesser extent on cesium. The effort has included large amounts of 
woiic required in establishing materials compatibility, materials proce^ng methods and the neces- 
sary controls on alkali metal impurities necessary for satisfactory operation of larger scale facilities. 
Much development work has been done in subsystem loops to establi^ heat transfer data or to con- 
firm the design and operating characteristics of various components such as liquid metal bearinp, 
valves, pumps, scales, etc. Testing experience is summarized in Table 3.3-7. 

Many hours of test data have been accumulated on “once-th rough” potassium boilers in the tem- 
perature regime from 1400-2200^F. Correlations of heat transfer and pressure drop data have 
covered: 

Liquid phase heat transfer 
Nucleate boiling 
Film boiling 
Critical heat flux 
Vapor superheat 

Typical correlation data are shown in Figure 3.3-18. 

A valid basis of heat transfer data exists for design of alkali metal Rankine cycle components. 


235 



D 180-20689-2 


9 

•iNilAl 

ilECTIIC 
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Hydrodynamically lubricated pivot pad bearinp were developed and tested under load at tempera- 
tures in the 800-1 000°F range in liquid potassium for hundreds of hours. The stability of hydro- 
dynamic bearings and shaft assemblies were also evaluated in many fluids as a means of developing 
bearing stability prediction criteria. The technology of alkali metal bearings also included extensive 
woilc on the characterization of potential alkali metal bearing materials such as refractory alloys and 
metal-bonded carbides, particularly in friction and wear characteristics under vacuum and liquid 
potassium. 

Testing of alkali metal rotating seals were also undertaken in the test facility. 

Liquid potassium flow control valves were designed, built and tested under intermittent actuating 
conditions for SOOO hours at a temperature of 1900^F without siezing or deterioration. Appro- 
priate selection and integration of materials in the design assured reliable operation in both alkali 
metal and space environments at these high temperatures. 

An electromagnetic boiler feed pump, capable of operating at a liquid metal temperature up to 
14(X^F, was designed, built and tested for 10,000 hours pumping potassium at 1000*^F and at flow 
rates up to 3.25 Ib/sec. The pump featured a T-1 1 1 alloy helical pump duct and a high temperature 
stator with a lOOO^F maximum operating temperature; the stator materials consisted of Hiperco 27 
magnetic laminations, 99% alumina slot insulators, type “S” glass tape interwinding insulation and 
nickel-clad silver conductors joined by brazing in the end turns. Pump windings were cooled by 
liquid NaK at 800-900°F. 

A 400 KWj},, three-loop heat transfer facility was used to confirm the design and performance char- 
acteristics of prototypical “once-through” boilers and of condensers suitable for space power appli- 
cations. This facility featured an electrically heated primary loop of T-1 1 1 (Ta-lOW-lHf) containing 
lithium and operating at temperatures of 2200°F. a secondary T-1 1 1 loop containing boiling and 
condensing potassium and a third, heat rejection loop of AISI Type 316 stainless steel containing 
NaK and rejecting heat through a NaK/air radiator outside the simulated ultra high vacuum space 
environment. 

The facility operated, trouble free, for over 2500 hours at maximum temperatures up to 2000°F 
and confirmed the ability to design, fabricate and test space-type boilers and condensers. 

The ability to purify and analyze liquid metals for such contaminants as carbon. •I'xygen, nitrogen, 
hydrogen and various metallic elements was advanced considerably during the alkali metal Rankine 
cycle space power program. Contamination levels of less than 10 ppm oxygen were routinely 
achieved. The technology included the development of analytical methods, specifications, proce- 
dures and equipment. 
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Distillation, hot trapping and cold trapping were used as purification methods, although hot trap- 
ping with titanium or zirconium getters were most effective and most commonly used, particularly 
for controlling impurities immediately prior to and during the course of operation of component 
development, materials compatibility and heat transfer test loops. 

With properly purified liquid metal in a properly alloyed refractory metal, welded in a properly con- 
trolled environment and in a component or loop desigr^ed to be leak proof, there was no corrosion 
probtem. 

The use of direct sampling and analysis of alkali metal from an operating component and the appli- 
cation of continuous reading oxygen meters was most helpful in detecting and correcting system 
deficiencies. Operating, maintenance and system repair experience was obtained. 

The potassium turboaltemator shown in Figure 3.3-19 was conceptually designed for the space 
power program of the I960’s. Its design included fluid dynamic analysis, selection of materials, 
stress analysis, motor dynamics, vibration analysis, selection and design of radial and thrust bear- 
ings, and magnetic and electrical design of the homopolar alternator. The extent of the design analy- 
sis, and the supporting technology which it utilized, indicated the feasibility of using Rankine cycle 
turbine components for nuclear power applications in space at significant power levels. 

This background provided the basis for the SPS metal vapor Rankine subsystem analysis. 

Cycle studies indicate parametrically, the effects ot higher turbine inlet temperatures and reduced 
condensing temperatures on improvements in cycle efficiency, as ..Iiowa in Figure 3.3-20. 

Turbine inlet temperatures above 2100°F might require considerable technical assessment of the 
use of materials which are, as yet, unproven. 

Improvements in efficiency by use of reduced condensing temperatures are offset by larger turbine 
flow areas required to accommodate increased vapor volume flows. The volume flow is approxi- 
mately universely proportional to the vapor pressure of condensing potassium; 

Temperature °F K Vapor Pressure-psia Volume Flow Ratio 


1100°F 

1000°F 

900°F 


2.4 

1.1 

0.44 


238 


1 

2.18 

5.45 



ORIGINAL PAGE 
OF POOR QUAU 



vAs'OF MF T \ 
THOfil A: A 

.\iotr.i uiu I xf w... 


mtASSlUM 






GENERAL 

ELECTRIC 



apac*? diN/iaion 


fO 

o 


POTASSIUM CONOENSINC 
TEMPERATURE. “F 



POTASSIUM TURBINE INLET TEMPER ATURE.'V 


Figure 3.3-20 Variation Of Cycle Efficiency With Potassium Boiling And Condensing Temperatures 


D 180-20689-2 



D 180-20689-2 


While the cycle efficiencies of these Rankine Systems are not as high as the selected 2500°F Bray- 
ton cycle, the system has other advantages, principally, improved heat transfer coefficients and 
higher radiator temperatures. These can impact favorably on other portions of the power conversion 
system in which substantial weight and si/e is involved. 

The critical cycle parameters are presented in Table 3.3-8 for potassium vapor turbine systems with 
a condensing temperature of 1 100°F and turbine inlet temperatures ol >*ither 2100®F to 2500°F. 
Turbine flow rates and power levels were selected to match appropriately scaled fluid dynamic ver- 
sions of preliminary potassium turbine designs developed in earlier studies of 1' nd based alkali metal 
topping cycles for steam. The number of turbine systems required for 4800 MW^ is shown. The 
engineering definition presented here provides the basis for evaluating the effects of these unique 
cycles on the size (and weight) of the cavity heat absorbers and the space radiators. 


TABLE 3.3-8 

POTASSIUM RANKINE CVCLFS 


Turbine Inlet Temperature. °F 
Turbine Inlet Pressure. PSIA 
Flow Rate (each turbine) LB Sec- 
Power Generated. MWe 
Condensing Temperature, °E 
Turbine Exit Quality* 

Condensing Pressure, PSlA 
Heat Rejection. BTU/Sec 
Pressure Rise in Pump. PSI 
Pump Work. BTU/Sec 
Heat Added in Boiler. BTU 'Sec 
Cycle Efficiency. 9r 

Number of Turbines for 3800 MWe 
Total Flow. LB 'Sec 
Total Heat Addition. BTU Sec 
Total Heat Rejection, BTU Sec 

*Neglecting Moisture Extraction 


2100 

2500 

200 

500 

816 

856 

218.2 

266.7 

1 100 

1 100 

0.765 

0.735 

2 4 

2.4 

543.610 

548.030 

248 

623 

1064 

2805 

750.475 

800,874 

27.6 

31.6 

ST 

18 

17.952 

15.408 

1 651.10^ 

1.4416.10 

1.1757.10" 

9.28.10^ 
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A single stage, split flow refractory alloy high pressure turbine with super alloy and stai.iless steel 
inlet and outlet scrolls was developed in preliminary design form for previous public utility power 
systems studies. It was intended for use at turbine inlet temperatuiBs of 1500 - 170d°F. In its 
original design form, both weight and cost analysis were made; in subsequent studies the design, 
weight and cost were rescaled to smaller component sizes appropriate for reasonable component 
development and manufacture. The high pressure turbine is shown in Figure 3.3*21 . 

These modified designs and estimates formed the basis for e.xtrapolation of high pressure turbine 
component designs weights and costs from the 1 500-1 700°b range to the 2100-2500 range. This 
was accomplished parametrically by addition of one refractory alloy stage for the 2100 turbine and 
by addition of two stages for the 2500°F turbine. 

While the refractory alloy technology has been demonstrated in earlier component testing and tur- 
bine design studies for the Space Power Program, it is not expected that refractory alloy technology 
would support a 2500°F long life turbine. 

Multistage Split Flow Superalloy Turbines were also developed and rescaled in size weight and cost 
from an original public utility power study in a manner similar to that described for the high pres- 
sure turbine. 

In the current study, the rescaled turbine designs weight, and costs were used for the required low 
pressure turbines. For the 1500°F turbine system the low pressure turbine had 3 stages and a 
1350°F turbine inlet temperature. For the higher temperature turbine systems the low pressure tur- 
bine had 4 stages and a 1450°F turbine inlet temperature. 

'n all cases the size, flow areas and number of low pressure turbines were scaled or selected to 
match the require., flow from the high pressure turbine. The low pressure turbine concept is shown 
in Figure 3.3-22. 

Preliminary p.. «ium turbine designs have been n.ade for the 2100°F and 2500° cycles. The 
2100°F turbine design is based on superalloys in the low pressure stages and molybdenum disks and 
blades in the high pressure turbine. The high pressure turbine was scaled from a previous design of 
smaller size (1.5 MW^) for a space power plant; because of such large scaling factors additional 
design effort is required to refine the accuracy of the size, weight and cost estimates. The low pres- 
sure turbines were scaled from turbines for a topping cycle study for coal fired steam pla, ts; that 
study also provided the basis for the estimated weights and costs. 
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CENERAI 

ELECTRIC 


/ 




UTTLfTY SYSTCM STUDCS 
PROVIDE BASIS FOR SUPER 
ALLOY TURSrNE COMPONENTS 


1^ 

Space pivtsion 


j 3 


r 


PMJI 


l (31 \ 


1 



y : 


\ 


f f . J_- 


nc.w> ' 

A. T rm riT-: : 




i 

il'siW 

\ 

1 

1 |.r~j-L.-s 



-! - 


Figure 3.3-22 Low Pressure Potassium Turtrines 
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For the 2S00^F system the low pressure turbines are the same as for the 2I00*^F system. The high 
pressure turbine is a preliminary design in which two stages were added in front of a previous design 
for 1 700^F. These two high temperature stages utilize silicon carbide for discs and blades. Prelimh 
nary design calculations indicate that these two stages can be designed with stresses of 10,000 psi, 
but additional design work is needed. The weights and cost for the high pressure turbine are very 
aprn.ximate. 

In each cycle the hi"h ’>.rssur<* ,urbinc consists of only a few turbine stages; each high pressure tur- 
bine has double flow such that one high pressure turbine feeds two low pressure turbines, each of 
the latter also being of doubh flow configuration. This is necessary to handle the increasing turbine 
flow area in the succeeding turbine stages and adds considerably to the size and weights of high 
pres.sure turbine trolls connecting and feeding the low pressure turbines and the inlet and exhaust 
scrolls of the low pressure turbine. 

Turbine design data are summarized in Figure 3.3-23. 

Both Brayton and Rankine cycle systems will require large diameter turbine discs. (Figure 3.3-24). 

The largest diameter turbine disc forged from a very high temperature superalloy was the Astroloy 
forging used in the GE Supersonic Transport Engine (SST); it had a nominal diameter of about 40 
inches. A lower temp«*rature alloy. INCO 608, has been forged in diameters to 68 inches. These 
discs represent the present maximum size for existing state-of the-art materials technology for 
superalloys. Refractory alloy turbine discs, such as molybdenum TZM, are restricted to about 40 
inches in diameter because of arc casting and extrusion facility size limits. 

Studies in the area of powder metallurgy indicate that larger size discs up to, or larger than, 80 
inches are possible by preparation of powder metal billets of uniform composition, achieving full 
density on existing maximum size high temperature, high pressure auto-claves and forging to disc 
size by a combination of limited upset forging in a 50,000 ton press (maximum size), cross rolling 
on the largest plate mill in the US and finish localized, or sector, forging in the nation's largest press 
forge. 

The preparation of large size superalloy and refractory alloy discs will be a major undertaking. The 
preparation of silicon carbide discs of sizes approaching 65 inches will also be a major problem for 
which the practical difficulties are perhaps more difficult to envision at present. 
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TURBINE INLET TEMPERATURE. 
NUMBER OP HP TURBINES 
NUMBER OF STAGES 
ROTATIVE SPEED. RPM 
SIZE 

ESTIMATED WEIGHT. LBS 
ESTIMATED COST 

NUMBER OF LP TURBINES 
NUMBER OF STAGES 
ROTATIVE SPEED, RPM 
SIZE 

ESTIMATED WEIGHT, LBS 
ESTIMATED COST 

TOTAL WEIGHT, LBS (4800 MWt) 
TOTAL COST (4800 MW*) 



MATERIALS. HP TURBINE 
MATERIALS, UP TURBINE 


2100 

22 

5 

1800 

20>L X I5'H 

6 X 10® 

$ 142 X 10® 

44 

4 

1800 

27’L X IS’H 

16.328 X 10® 
i 283.9 X 10^ 

22.328 XIO® 

$425.9 X 10® 

TZM, TZC, T-1M 

SUPEFALLOYS 
ASTROLOY, RENE Ml, 
INCO 718, RENE '77 
HA- 188, HASTELLOY 
X. 316 SS 


I ADDITIONAL TURBINE DESIGN EFFORT REQUIRED 
•|100°F CONDENSING TEMPERATURE 


aoo 

IS 

3 

3600 

IB'L X 9'H 
2.26X 10® 

$78.7 XIO® 

36 

4 

1800 

27'L X IS'H 
13.36 X 10® 

$232.3X10® 

15.62X 10® 

$31 IX 10® 

5 C, TZM, T-1II 

SUPERALLOYS 
ASTROLOY, RENE ' 41 , 
INCO 718, RENE '77 
HA- 1 88, HASTELLOY X, 
316 SS 


Figure 3.3-23 Preliminary Potassium Turbine Configurations* 
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The relatively large turbine sizes and weights cf the potassium turbines scaled from prior land-based 
power conversion system studies suggests the possibility of considering the use of cesium as a work- 
ing fluid to reduce turbine size. In prior space power studies the relatively low power levels required 
and small turbine sizes occasioned by the use of cesium as a working fluid would have resulted in 
small first stage turbines, very short first stage turbine blades and signiilcant first stage tip losses. 
These effects are of less consequence in the larger jH>wer level turbines now being considered 

The more significant advantages and disadvantages of cesium turbines are presented qualitatively. 
The physical and thermodynamic properties of cesium result in smaller diameter turbines with 
fewer stages. As a result of the reduced number of stages turbine disk temperatures are lower than 
for equivalent potassium systems; furthermore, the reduced expansion ratio of cesium vapor tur- 
bines should limit the growth of scroll weights and sizes in the latter stages. 

Prior comparative studies of potassium and cesium turbines over a more limited temperature range 
indicate cesium turbines could weigh much less than half that of similar potassium turbines. Specific 
preliminary design effort is necessary to determine the effectiveness of sucl; potential weight 
reductions. 

3.3.3 Thermionic SPS 

Figure 3.3-25 shows the thermionic SPS .onfiguration as developed in the “Space Based Power” 
study (Contract N.AS8-3 1 628 1. 

Thermionic diodes surrounded the cavity absorber and rejected their waste heat directly through 
heat pipe fins. A tradeoff conducted as a part of the subject study showed this design solution to be 
less massive than the use of separate radiators with a heat transport fluid loop. In addition, it was 
far simpler. 

3.3.3. 1 Converter Design 

The thermionic converter is inherently a high temperature, high cur'^ent. low voltage device. Provid- 
ing a configuration that can reject waste heat and series-connect the converter diodes electrically 
without heat shorts is a major design problem. 
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TOTAL MASS - 196.48 x 10^ kg - 433.1 x 10^ Ibm 



Figure 3.3-25 Solar Thermionic SPS lO-GW Ground Output 
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Analysis of simple cooling fins indicati.d that they would be far too massive. The alternative 
approach is to employ a heat-pipe concept to provide a uniform radiator temperature and, thereby, 
achieve uniform heat rejection temperature and high fin efficiency. A number of configurations 

were considered: the one judged best is shown in cross section in Figure 3.3-26. Sizing of the emit- 
ter is determined by loss of material from thermal vaporization over its thirty-year lifetime, minimi- 
zation of resistive power losses, and weight considerations; sizing of the collector depends on resis- 
tive and weight considerations. 

Note the relatively massive busbars. These must dissipate their |-R loss to the heat pipe radiator, 
which is at a temperature of lOOOK ( I340°K). The higher temperature cavity is blocked from the 
busbars by the insulation shown. The busbars carry a current of 1 290A. Alternative busbar designs, 
such as sodium filled steel tubes were evaluated; copper is lighter. 

Figure 3.3-27 presents an isomer.nc cutaway of the converter. It shows the side of the converter 
which would face the cavity interior The hexagonal assembly is the heat pipe radiator. 

3.3.3. 2 Mass Reduction .4nalysis 

Reconfiguration of the heat pipe radiators for the diodes of the thermi.;iiic SPS would allow a signi- 
ficant mass reduction. This is because the form of the heat pipes sets the distance between the indi- 
vidual diodes and hence the length of the mterelectrode busbars between these diodes The heat 
pipes are he.x.iconal with the circulai diodes mounted at their centers as shown in Figure 3.3-28. 

The heat pipe projected area is 0.1 .M“ each so that the center to center distance is 34 cm. The 
diodes are 10 cm in diameter. The resultant busbar length (allowing for the curvature) is approxi- 
mately 26 cm. The busbar cross section is about 13 cm“; their material is copper. Hence the mass of 
one busbar is approximately 2.83 kg. 

17.47 X 10^ diodes were required for a 10 GW gr and output SPS. Thus the total busbar mass is 
49.6 X 10^ kg. which is 25. F"' of the total mass of 196.84 x 10^ kg for the entire thermionic SPS. 

The b'lsbars run quite hot since they can only dissipate their I^R power to the adjacent heat pipe 

radiator which has a mean temperature of 9t;uK. The resistivity of the copper is consequently so 
•> 

high that the busbar 1-R loss amounts to 14'? of the diode output. 

Reconfiguration of the heat pipe radiators to the form shown in Figure 3.3-29 expected to have 
almost no effect on the mass of the heat pipe. 
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Figure 3.3-26 S**S Thermionic Converter Design 
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Figure 3.3-28 Diode Configuration From Space-Based Power Study 
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Figure 3.3-29 Improved Diode Configuration 
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The busbar length in this arrangement would be approximately 7 cm (the busbar must still contain a 
special section of high thermal resistivity to block emitter to collector thermal losses). The resultant 
mass is approximately 0.80 kg per busbar. The I-R loss in the busbars would now only be approxi- 
mately 4% of the diode output. 

Reduction in busbar l^R loss would impact approximately 185 x 10” kg of the original SPS mass (it 
does not effect the transmitter). The new corresponding mass is; 

i:2di X 185 X 10^ kg = 165.7 X 10^ kg. 

1-0.04 

The lower 1“R drop reduces the number of diodes and hence the number of busbars required to 
15.65 X 10^. The busbar mass is thus “only” 1 2.5 x 10^ kg instead of the 

l:2il X 49.47 X 10^ kg = 44.3 X 10^ kg 
1-0.04 

it would otherwise have been. Thus an additional mass reduction of 
44.3 X 10^ kg - 12.5 X 10^ kg = 31.8 X 10^ kg 

may be subtracted from the 165.7 X 10^ kg. to yield a final mass' of 133.9 X 10^. which plus the 
transmitter gives a total thermionic SPS mass of 145.8 X 10^ kg. 

This new mass is still about 80'?^ more than that of the Brayton system. 

The closer busbar spacing shown above still only allows about 140 diodes to be placed in a 20 m 
long series string. Thus a series stnng of this length would not yield more than the 150 volt limit 
estimated for the high temperature electrical insulation. 
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3.3.4 Radiator System 

3.3.4. 1 Radiator Design Requirements 

The dominant mass element in the Brayton system is the radiator. It has the job of rejecting 22.5 
gigawatts of thermal power in the baseline design (the waste heat to be rejected from the cycle). 
About 40 gigawatts of energy is input to the gas, about 17 li available to go to the transmitter, 
and the remainder must be rejected by the radiator. Nominal inlet and outlet temperatures are 
644K and 377K, respectively. We must select an appropriate (i.e.. optimum) pumping power. If 
the fluid manifolds are small, they a.'e light but have high pressure drop, so more power must be 
taken from the output to drive the pumps. Also, we want no net generation of angular momentum. 
Any loop of fluid flow or turning turbomachine requires another going in the opposite direction, 
like contra-rotating propellers on an airplane. 

We have somewhat arbitrarily selected a meteoroid protection requirement for the manifolds such 
that a major penetration and repair is expected to occur at five year intervals. Radiators must with- 
stand b. ' ' «hut down when passing through the Earth’s shadow and start up again in five minutes. 

Figure 3.3-30 she .vs that as a solar power satellite orbits the Earth and the Earth orbits the Sun. the 
SPS is always pointing towards the Sun. The smaller figure shows the radiatoi oriented to be in the 
plane of the ecliptic and edgewise to the main meteroroid flux. 

The previous figure showed the radiator placed in the plane of the ecliptic. Figure 3.3-31 shows the 
flux concentrated at a low angle to the ecliptic plane. This angular corce .tration extends round the 
leading edge of the radiator from helion to anti-helion Thus, the radiator sees the meteoroid fiux 
impinging in a concentration at an angle of approximately 15® to its plane of motion. Meteoroid 
armoring analyses used this preferential orientation approach, resulting in a significant reduction in 
armor requirements. 
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Figure 3.3-31 Meteoroid Flux Seen by Radiator 
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3.3.4.2 Reference (4-module SPS) Radiator Design 

The radiator for the mid-term onfiguration (four modules in the satellite) is shown in Figure 
3.3-32. With 64 turbomachines, this requited 16 engines per module. The cavity absorber with the 
engines is in the center. The concentrator is below, with its concentrated energy entering the aper- 
ture. The radiator panels are divided into groups. Panels with the number 1 cool engine number 1. 
number 2 cools number 2; 8 cools number 8 and so forth. It is Jear that the manifolds for number 
8 are much longer than the manifolds for number one. There is a signiticant mass penalty associated 
with the liquid metal in manifolds. 

The definition of radiator panels was based on this radiator design. The panel design was subse- 
quently applied to the revised radiator design for the 16-module configuration. 

Figure 3.3-33 indicates the diameters of the manifolds and headers. The headers are center-fed. so 
that temperature induced length chances a;e halved This reduces the angular motion at the ends of 
the heat dissipation panels. 

The basic element of tne radiator panels is the heat pipe. Over limited lengths the heat pipe is an 
extremely efficient heat transport m-’chanism. being hundreds of time more effective than, for 
instance, a solid copper rod. Figure 3.3-34 illustrates the heat pipe principle 

The working fluid vaporizes as heat input is provided to the evaporator section. The vapor moves 
through the pipe to the condensor section. Here the fluid gives up its latent heat of vaporization and 
returns to the liquid state The fluid returns to the evaporator section b\ capillary action 

If compatible materials (fluid, wick and tube* arc used, a heat pipe operate g within its design range 
has an almost indefinite operational life. 

Heat transport capability is shown in Figure 3 3-35 (non-dimensional) for various heat pipe fluids 
over a range of temperature. Initial optimizations of the Brayton SPS indicated a radiator tempera- 
ture range requiring mercury working fluid. Known reserves of mercury were not sutficient for the 
baselined SPS program. Therefore the temperature range was adjusted to allow the use of water 
heat pipes. 
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Flguie 3.3-32 Radiator Configuration: Brayton SPS Module (Midterm. 16 Engines Per Module) 
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Figure 3.3-34 Heat Pipe Principle 
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Figure 3.3-3S Heat Pipe Fluids: Heat Transport Capability and Temperature Regime 
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Shown in Figure 3.3-36 is a cross section of three heatpipes and some pertinent information relative 
to them. The heatpipes are spaced apart approximately 1.5 diameters. Fins are not used. The heat- 
pipes, themselves, provide the radiating area. The working fluid is water. The heatpipc shell is thin 
stainless steel, with an internal stainless steel screen wick. 

The panels illustrated in Figure 3.3-37 are 5 by 20 meters, and sized to stack in the launch vehicle 
payload bay. They reject the cycle waste heat from water heat pipes. Hot liquid metal travels 
through the throughpipe giving up its heat to the heat pipc' aticched to it: heat pipes alternate in 
dir“ction as shown. Tliey are the heat rejection element-^. there are no fins. The heat pipes are 
spaced at about one and one half times their diameter. 

The 64 turbomachines of the Bra\ ton SFS each have a radiator schematic as shown in Figure 
3.3-38. The accumulator (a zero gravity tvpei keeps the NaK loop full despite volume changes from 
temperature changes and manifold creep. Hoi NaK is admitted to the three pumps. The 57.30 kW 
indicated is the electrical input to each pump. The manifolds conduct the flow to the header system 
which directs the flow to the heat-dissiption pane!>. Vaives are provided where appropriate. 

Figure 3.3-39 is a layout draw ing for the u[Hlated reference radiator configuration. 

3. 3. 4.3 Revised ( 16-Module) Radiator Configuration 

This radiator configuration takes advantage of the required la>'ee th.roughpipe diameter, and has 
shorter manifolds as illustrated m Figure 3 340 

One motivation to go to 16 modules was to have a module si/e closer to the size of a developmental 
unit. When we changed to that size (four engines jvr module), the manifolds became short. The 
basic job of the manifold is to carry the fluid out to the radiator panel. The liquid metal travels 
througn a throughpipe. giving up its heat to the heat pipes it passes through. With four engines per 
module (sixteen modules) and with square radiator panels as shown here it is clear that we don’t 
have long manifold lengths. The total manifold mass in the SPS ha:, been greatly reduced by going 
to sixteen modules. Also, we have realized that the throughpipes in the panels can be connected in 
series to eliminate the numerous intermediate headers, because the ihrougnpipes must have a large 
diameter and resulting low pressure drop m order to provide enough heat transfer area to transfer 
the heat to the heat pipes 

Note that the pumps include a redundant set for both the hot and the cold (or return) sides. That is. 
each pump has a redundant or matching pump to reduce the time between servicing periods on the 
pump set. 
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Working fluid; 

Water 

Material: 

Stainless steel (316) 

Wick: 

Cireumfarentiil sareen 

Diameter: 

2.5 cm 

Length: 

2.94m 

Evaporator section: 

0.44m 

Adiabatic section: 

0.05m 

Condensor section: 

2.45m 

Q: 

332W 

Fins: 

None 

Interface to NaK manifold: 

Single wrap 

Spacing: 

1.60 diameters 

Pipe-to-pipe view factor 

0.115 


I*— 3.81 cm — ♦! 



Figure 3.3-36 Baseline Heat Pipe 
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3.3.4.4 Radiator Analyses 

The result of radiator design analyses are described in this section. The objective of the work was to 
develop radiator design for the thermal engine energy-conversion options which were advanced to 
the system mass screening test. The radiator designs were based on first-order considerations and 
mass estimates made from these designs were used in the system mass screening test to identify low- 
mass concepts. Radiator mass comparison data quoted in this set tioii are for one thermal engine of 
275 megawatt generating capacity. The figures should he multiplied by h4 to arrive at a total SPS 
nass comparison. 

Two basic types of radiators were modeled in this analysis. The firbt type utilized a single-phase 
fluid, either gas or liquid, to transport energy to the radiating surfaces. The second type of radiator 
used a condensing vapor as ar energy transport fluid. 

Computer models were developed for each radiator type. Input variables included heat loss rate, 
radiator material properties, fluid properties, environmental variables, and fluid boundary condi- 
tions (temperature and pressure at inlet and outlet). The models calculated radiator area, ducting 
size and wall thickness, radiator length and width, fluid mass flow rate and pressure drop, pump size 
' and mass of each major radiator element. 

Potassium Rankine Cycle Radiators 

Two types of radiators were investigated for the potassium Rankine cycle options. Radiators which 
utilized the potassium working fluid as a heat transport medium were found to be the least massive 
of the two radiator options. The potassium entered these radiators in the two-phase state at high 
vapor quality and was completely condensed at the outlet. These radiators operated at a nearly uni- 
form temperature and. since the cycle working fluid rejected its energy directly to space, there was 
no requirement for a heat exchanger. The second type of radiator studied was a single phase NaK 
loop system. Since the Ranking cycle characteristically rejects energy as constant temperature, this 
concept had a lower effective average temperature than the condensing potassium radiator. This 
fact, in conjunction with the requirement for a heat exchanger, resulted in NaK radiator system 
being more than twice as massive as the condensing potassium designs. 

Figure 3.3-41 shows the essential element of the condensing potassium radiator. Saturated vapor, or 
vapor-liquid mixture, enters the tapered inlet header and is distributed to the through-pipes. Energy 
rejected from the condensing fluid in the throughpipes is conducted into the fins and radiated to 

space. The condensing region of the radiator, in which the fluid in the throughpipes exists in the 
two-phase state, is isothermal. An additional element of length is added to the throughpipes to 
ensure that the fluid is subcooled when it exits from the throughpipes. This eliminates boiling in the 


266 



ORIGINAL PAGE J3 
OF POOR QUALmO 


SPtW> 


VAPOR HEADER 



Figure 3.341 Condensing Radiator Elements 
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collection header by decreasing the saturation pressure below the static pressure at the header 
outlet. 

Figure 3.3-42 shows a plot of thermodynamic states encoui.tered by the potassium as it passes 
through the radiator ducts. The potassium enters the inlet header in the saturated state and becomes 
slightly superheated as the static pressure drops due to friction. It enters the throughpipes and 
reaches saturation temperature. At this point the potassium condenses, and as static pressure drops 
due to friction, temperature decreases along the saturation temperature - pressure line. The satura- 
tion ten.perature - pressure line is followed until condensation is complete and the fluid becomes 
su’t'cooled. The amount of subcooling is determined by the frictional pressure drop in the outlet 
heaaers. This ensures that the saturation line is not crossed before the fluid exits from the header. 

Radiators for 1600*^K Potassium Rankine Cycle 

Figure 3.3-43 shows the predicted condensing potassium radiator mass as a function of Reynolds 
number and throughpipe diameter. The maximum Reynolds number was limited by the require- 
ment that frictional pressure drop in the throughpipes and collection header could not exceed the 
saturation temperature of the potassium at the throughpipe entrance. Minimum mass was found to 
occur for a throughpipe diameter of 1 5.24 cm and a Reynolds number of 3.0 X 10^. 

A summary of the sensitivity of major radiator element mass to throughpipe Reynolds number is 
presented in Figure 3.3-44. Fluid Reynolds numbers in the throughpipes and headers were related 
by the condition that the friction pressure drop in each header must equal the pressure drop across 
the throughpipes. Hence working fluid mass decreased with increasing Reynolds number because 
header diameter decreased to satisfy the requirement for equal pressure drop in throughpipes and 
manifolds. The reduction in diameter also caused the mass of header ducts to decrease with increas- 
ing Reynolds number. The increase in heat pipe mass with increasing Reynolds number was caused 
by additional subcooling area required by greater frictional pressure drop in the outlet header. 

Noncondensing NaK radiators similar to the design utilized in the Brayton basehne system were 
investigated for application to the potassium Rankine cycle concept. Sensitivity o' radiator element 
mass to NaK outlet temperature is shown in Figure 3.345 for an inlet temperature of 844®K. Inlet 
temperature was fixed by the condensing temperature of the potassium. 

Heat pipe mass dropped with increasing NaK outlet temperature because the average effective radia- 
tor tempera lire increased allowing radiator area to drop. Working fluid and header mass increased 
with increasing NaK outlet temperature. This was due to a reduction m throughpipe length, causing 
the radiator to become extremely wide. Since the headers ran along the width of the radiator, an 
increase in radiator width resulted in long headers with greater wall mass and fluid volume. Total 
radiator mass was found to be minimized as NaK outlet temperature of about 520°K. 
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Figure 3.3-44 Influence of Reynolds Number on Radiator Element Mass - 1600®K Rankine Cycle 
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Figure 3.3-45 Sensitivity of NaK Radiator Mass TO Outlet Temperature - 1600®K Potassium Rankine Cycle 
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The inlluence of throughpipe diameter on radiator mass is presented ir I ■ f 3.3-46. Throughpipe 
length increased with increasing diameter. This caused radiator width cccrease and resulted in 
shorter, less massive headers. Fluid n.ass in the headers also decreased. However, as diameter 
increased the throughpipe volume increased and the total NaK inventory wa'- mimum at a 
throughpipe diameter of 9.5 cm and then increased Total radiator mass was n..nimi^ed at a 
throughpipe diameter of 10 cm. 

Figure 3.347 shows the influence of throughpipe Reynolds number on the NaK radiator mass. 
Total radiator mass at the pressure drop limit was 21 .5 X 10“^ Kg at a Reynolds number of 4.04 X 
10^. Most of the reduction in mass arose from decreased header diameter which was caused by the 
requirement that header pressure drop equal the pressure drop in the thrc ughpipes. The total mass 
of 2 1 .5 X 10“^ Kg for the NaK radiator is almost 3 times greater than the 8.5 X 10^ Kg mass of the 
condensing potassium radiator. A large portion of this difference was due to an effective tempera- 
ture of 707°K for the NaK radiator compared to 837^K for the potassium design. 

Radiators for 1422° Potassium Rankine Cycle 

Heat rejection for the 1422°K potassium Rankine cyd occurred at 86<°K. the same heat rejection 
ten.perature selected for the I600°K potassium Ra.’.Kine cycle. Figure 3.348 shows the variation of 
total radiator mass w ith potassium Reynolds number in the throughpipes. Minimum radiator mass 
at the pressure drop limit was 1 2 X 10‘* Kg. This value was greater than that of the 1600°K potas- 
sium Rankine cycle radiator because a larger area was required to reject ^he additional e lergy arising 
from lower cycle efficiency. The cyc'e efficiency of the 1422° cycle was 21 .b''t con. pared to 31 .6" 
for the 1600°K cycle. 

Radiators for Steam Rankine Cycles 

Steam Rankine cycle radiators were an order of magnitude more massive than the potassium cycle 
radiator. This was caused by the low heat rejection temperature which were required to ac-hieve 
cycle efficiencies in excess of 30'^. The influence of throughpipe Reynolds number and pipe dia- 
meter on rac. ,.lor mass are shown in Figure 3.349. The temperature of the condensing water at the 
radiator panel entiance was 367°K at a pressure of '1.5 PSIA .Minimum mass occurred at a 
throughpipe diameter of ts. 8 cm and a Reynolds number of 1.43 X 10^^. 
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Figure 3.3-49 The Influence v,, Reynolds Number and Throughpipe Diameter on Radiator Mass 
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Condensing Water Radiator for Brayton Cycle 

An alternative radiator concept, utilizing water rather than NaK, was investigated for the Brayton 
baseline cycle concepts. The advantages of water on its higher density and specific heat, low cost, 
and compatibility with more structural materials. Major disadvantages are its fairly high freezing 
temperature and the fact that water expands upon freezing, giving rise to the possibility of tube 
rupture. 

Figure 3.3-50 shows the main elements of the water radiator system. The Brayton cycle working 
fluid exits from t*'e regenerator and passes through two heat exchangers where it is cooled prior 
to entering the compressor. The heat exchangers transfer thermal energy from the helium to the 
water. Subcooled water enters the preheater and exists as saturated liquid. A fraction of the liquid 
is diverted from the stream and the remainder directed into the boiler. Steam exits from the boiler 
a^d is mixed with the saturated liquid. The mixture enters the radiator where it is condensed and 
subcooled. 

The locus i-.[ thermodynamic states experienced by the Brayton cycle working fluid and radiator 
heat transport fluid are shown in Figure 3.3-51. Helium enters the boiler at 672°K and exits at 
approximately 28®K in excess of the saturation temperature of the boiling water. It then preheats, 
and the helium temperature is reduced to the compressor inlet temperature. 391 °K. The water tem- 
perature. on the other hand enters the preheater at 363®K and exits at saturation conditions. 

An analysis of water radiator concepts was performed. Independent variables were throughpipe 
Reynolds number and water saturation temperature. Throughpipe Reynolds number was varied for 
fixed values of saturation temperature and the minimum mass points were determined. The locus of 
minimum mass points was then plotted against saturation temperature as shown in Figure 3.3-52. 
The mass of the subcooled section of the radiator increased with increasing saturation temperature 
while the mass of the condensing section decreased Total radiator mass was found to be a minimum 
at a saturation temperature of 525°K. 

The relationship between radiator mass and pump power for condensing water radiators have 
525°K saturation temperature and 363°K outlet temperature is shown in Figure 3.3-53. Each point 
on the abscissa represents a specific throughpipe Reynolds number. Increasing values of pump 
power correspond to decreasing values of Reynolds number. Radiator mass was found to approach 
an asymptotic value of about 43.3 X 10"^ Kg as pump power increased beyond 450 KW. 
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Figure 3.3-51 Thermodynamic State of Bray ton Cycle Working Ruid and Radiator Fluid 
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A mass breakdown of the minimui .-i condensing water radiator is summarized in Figure 3.3-54. 
The major contributors to iof'‘ r'lalcr mass were the heat pipes in both the condensing and sub- 
cooled sections. Heat pip.*'. ■.. <'ourted for 70^ of the total mass, while throughpipes accounted for 
about 13'^. Radiator fluid was found to make up \^7c of the total radiator mass and header ducting 
accounted for the remaining 3%. 

The condensing water radiator and baseline NaK radiator are compared in Figure 3 3-55. The con- 
densing water radiator was slightly more massive than the baseline NaK radiator, however the con- 
densing water radiator required an order of magnitude less pump power. Additional energy conver- 
sion system mass required to supply pump power was calculated for both radiator concepts. When 
this mass was added to radiator mass, the condensing water concept was to be less massive than the 
baseline NaK system. 

Specific masses of five radiator concepts are compared in Figure 3 3-56 condensing steam radiators 
for saturation temperatures ranging from 367'^K to 476°K were found to have the lowest specific 
mass. This low specific mass resulted from low fluid pressures and high heats of vaporization asso- 
ciated with the range of saturation temperature considered. Unfortunately advantage could not be 
taken of the small specific mass charactenstic of low temperature condensing steam radiators since 
low temperatures dictated that large radiating areas were required and the net effect was to produce 
extremely large and consequently massive radiators. 

NaK and condensing steam radiators for the Bray ton cycle baseline system were found to have 
almost identical specific masses. Specific masses of potassium radiator ranged between 6.5 Kg'm- 
and 8 .0 Kg m-. The high values of specific mass for these radiators was due to hea%A heat pipes and 
a large inventory of potassium. Sodium heat pipes utilized in the potassium radiator were almost 
50^ heavier than the water-filled heat pipes of the Brayton and steam Rankine radiators. The large 
potassium inventory resulted from the low specific heat and density of potassium. 

3.3 4.5 Investigation of a “Roll-Up' Radiator Concept 

The midterm baseline thermal engine SPS radiator system consisted of 23.552 panels, each of which 
required four welds to connect it into ne system. The panel count results from the area require- 
ment for the total radiator and the panel size (10m x 20m) dictated by 'he capabiiitv of the pay- 
load bay of the launch vehicle. 

A “roll-up" radiator concept was investigated to determine the practicality of a radiator panel, for 
example 2Jm x 500m. which would be rolled into a thin cylinder 20m high and Pm in diameter 
which wo'dJ thus fit the payload bay 
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Figure 3.3-S4 Radiator Mass Breakdown - Condensing Water Radiator 
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Figure 3.3-SS Comparison of NaK and Condensing Water Radiators 
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In order to roll in this fashion the manifold tubes of the panel must have a relatively small diameter 
to preclu' e excessive stress. For a maximum stress of 3.5 x 10® N/M^ (50.000 psi) and abend radius 
of 8.5m, the maximum tube diameter is 3.0 cm. 

Pressure drop in the tubes is determined by: 

(Constants) X (Volume flow)- (Length) 

( Diameter)^ 

The volume flow is a direct function of the power to be dissipated and temperature drop across the 
radiator. The flow can be conducted to the heat pipes through various numbers of pipes. A large 
pipe count means small diameters and high pressure drops; a small pipe count the reverse. High pres- 
sure drops require high pumping power, a parasitic drain on the SPS busbar output. Each KW of 
pumping power requires approximately 4.5 kg of additional po,ver generation system. 

No manifold diameter/count combination could be found which did not involve extremely high 
pumping power penalties. The minimum tube diameter was approximately 7.0 cm. which is too 
large for rolling. 

Thus the roll-up concept does not appear practical. Perhaps in a very advanced SPS with say. 2000K 
turbine inlet temperatures and a high temperature, high delta temperature radiator the volume flow 
could be small enough to make 3.0 cm tubes practical. 

3.3.5 Power Distribution 

The power distribution system for the 4-niodule (midterm configuration) Brayton thermal engine 
satellite was analyzed to deteimme conductor mass and transmission losses. Table 3.3-9 shows the 
results of the analysis. The trai.^-inission losses are 6. 1 Sr. The conductor mass does not include any 
support structure nor any required insulators. This power distribution system is higher in perform- 
ance and lower in m; i than the AC system used in the pcint-of-departure Brayton system. 

Figure 3.3-57 shows a power distribution schematic for the 4-module system. 

An analysis was also performed to determine the power distribution system for the 16 module 
thermal engine SPS. The conductors used in this analysis are 1 millimeter thick conductor grade 
aluminum shee’s 


282 



D 180-20689-2 


Table 3.3-9 

Thermal Engine Satellite Power Distribution 
I mm Sheet Conductor at 100®C 
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Meters 
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Width 

Meters 
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Figure 3.3-57 Thennal Engine SPS Power Distribution System 
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The results of a trade to select the optimum conductor design operating temperature are shown in 
Figure 3.3-58. A value of 3.6 kg'KW was used to compute the power generation mass required to 
compensate for conductor showm in Table 3.3-10. A conductor design operating temperature of 
50®C was selected as optimum. 

The 16-module thermal engine SPS with conductors operating at 50<^C has 1-R losses of 0.719 giga- 
watts and conductor mass of 3.1^3 metric tons. Conductor widths, currents, and m-^dule voltages 
are shown in Figure 3.3-59. An improvement in power distribution mass could be realized if. rather 
than as shown in the figure, the power from the outer rows of generation modules is routed down 
conductors attached to a beam from the end modules of the outer rows direetly to the rotary joint. 
For this case the conductor mass is 2.982 metric tons and the I-R losses are 0.668 gigawatts. 

A total of 64 circuit breakers and 70 disconnect switches are required for the power distribution 
systems. Housekeeping and stationkeepmg reouirements are as was shown on Figure 3.3-57 except 
that there will be 16 module control cente.-s instead of 4. 


3.3.6 Concentrator- .Absorber Systems 


3.3.6.1 Solar Concentrator Configuration Evolution 


Ideally, the perfect concentrator would be a paraboloid, obtaining a geometnc efficiency of about 
97^ (not including reflectivity of the mateiial). Our baseline at the beginning of the study was an 
approximate form of this, slightly less efficient but more ronvenient to build. It evolved as illustrated 
in Figure 3.3-60 what we call a parabolic trough, which can be more easily constructed. The facets 
fit in the roughly circular area shown. In other words, there are none in the corners where they 
would be a long distance away from the cavity. High concentration ratios are achievable with a 
ti^ugh if the facets at the end are liited up to approximate a 3-dimensional concentrator. 


/ 


3. 3.6.2 Concentrator/Absorber Analyses 


The concentrator system that we have used in this study phase and in our previous work obtains 
high sunlight concentration, ranging trom 1 000 to 3.000 times ambient sunlight, into a cavity 
absorber by a mirror conceirrator This concentrator has a large number of individual reflector 
facets shaped so that they fit one to another to cover the surface. These facets are pivoted at the 
center, movable over small angles, so as to steer their reflected solar energy into the cavity. This 
achieves a high concentration ratio into a small aperture, without requiring an extremely accurate 
structure that maintains its form over a long period of time. Also, when flying perpendicular to the 
orbit plane, as the sun "moves” north and south over the seasons (just as it does here on earth) the 
facets provide the sun-tracking. The concept is illustrated in Figure 3.3-61. 
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Table 3.3-tO T.E. Generator Output Requirements To Provide Antenna Power (16 Module SPS) 
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Figure 3.3*59 16 Module Thermal Engine SPS Power Distribution Parameters 
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Figure 3.3<60 Solar Concent rat or/Con^ura Hon Evolution 
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Figure 3.3-61 System Details; Reflector Facets (Heliostats) 
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The concentrator/absorber design includes four parameters that can be varied to minimize the 
system mass, at a given cavity interior wall temperature, and for a given thermal power available to 
operate the engines. (The power withdrawn is the total thermal input to the engines, including cycle 
waste heat.) 

1. Number of facets (heliostats). A higher number increases efficiency (Figure 3.3-62) but also 
increases mass. 

2. Geometric concentration ratio IGCR): concentrator arca/cavity aperture area. High GCR 
improves absorber efficiency but decreases concentrator efficiency. 

3. Cavity area ratio, interior wall area/aperture u’sa. Higher values improve absorber efficiency 
but increases its size and mass. 

4. ThicKness of cavity wall thermal insulation More insulation reduces heat loss but increases 
mass. 

The mass optimization model diagrammed in Figure 3.3-63 was used to select values of these para- 
meters. Results are showm in Figure 3.3-64. Three of the parameters reviewed essentially constant 
over the range of wall temperatures investigated. GCR changed slightly. The curve of useful power 
per unit mass served as an input to the cycle analysis and optimization described in Section ' ! 


3.3.6.3 Reflector Design 

The requirements listed below' guided the development of the reflector facet system. The sixth and 
seventh requirements relate to facet pointing relative to the cavity absorber aperture. 


REFLECTOR F.XCET REQUIREMENTS 

High reflectivity (0.80 initial) 

Low mass p"r unit area <0.05 gk/ni'-) 

Flat surface 

Accurate point (±10 minutes, maximum) 

No calibration require' after installation 

Musi tiiid “cold” cavity when required 

•Must look away from “hot” cavity when required 

Long mean time between failure 

No frame wiring 
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ACHIEVED CONCENTRATION OF AMBIENT 
SUNLIGHT 


Performance of paraboloidal concentrator (60^ rim angle) relative to facet 
size, when illuminated by a source of angular width equal to that of the sun. 



GEOMETRIC CONCENTRATION RATIO = CONCENTRATOR AREA 

APERTURE AREA 


Figure 3.3*62 Comparison of Concentrator Computer Modeling With Initial Estimates 
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FOR: • 1.35 Kg/m2 WALL INSULATION 

• 54d 

5430 FACETS/MOOULE 



Figure 3.3-64 
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At the right of Figure 3.3-65 is shown a rear view of the facet, i.e., the reflective surface is on the 
reverse side. The hexagonal plastic film sheet is formed of 8 micrometer (0.00033 inch) Kapton. 
Three edges are supported by graphite epoxy edge members. The three edge members are tensioned 
apart by bridles attached to rocker arms mounted at the end of the three radial members. Springs 
mounted in the radial arms near the hub are the source of the tension. 

The facet is mounted to the 1.5 m support beam by means of a 1.0 m long post. The hub assembly 
contains the sensor and seno-mechanism systems and the solar cell power supply required for their 
operation. The actual area of the facet is 933 square meters. 

Concentrator performance varies with sun off-axis angle. 

The data shown in Figure 3.3-66 resulted from a computerized analysis of a faceted solar concen- 
trator. The aperture of the cavity absorber has 1/1320 of the projected area of the concentrator 
and 10.000 hexagonal refiector facets were used. The contribution of each facet was calculated, 
including effects of shadowing and blockage by adjacent facets. 

Concentrator efficiency is the ratio of light delivered into the aperture to the light captured by the 
concentrator allowing for concentrator, tilt, as shown. The concentrator efficiency with the sun on- 
axis is 0.96 for a light spread angle of 1.0®. (To determine overall concentrator/reflector perform- 
ance, multiply the concentrator performance at a given spread angle by the facet reflectivity at the 
same spread angle.) 

Plastic film refiectors are believed to degrade with radiation. Very little data are available, but there 
were some sample tests conducted under Project ABLE. 

The Project ABLE tests irradiated plastic film samples with a simulated geosynchronous orbit 
environment, but at an accelerated rate. The material used was Kapton (which showed lower degra- 
dation that Mylar). The primary damage mechanism was apparantly bubbling within the plastic 
film by stopped low energy protons which found electronis and became hydrogen. An interpreta- 
tion of the data is shown in Figure .L3-67. 

With the "tilt and roll” design the facets must track the sun through the apparent angular range of 
+ and -1 1 .74®. Consequentiv the facets must be capable of moving + and -5.88®. a total capability 
of + and -7® is baselined, + and -I® is assumed to be sufficient for the other axis. For the revised 
configuration (no tilt and roll) the facets must track through -24®. 
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• For baseline concentrator ratio of 1320, 10,000 facets, 30-degree rim angle 

• Light spread angle as defined here does not include the O.S-degree inherent from 
the width of the Sun 

• Dues not include effect of film reflectivity and facet gaps 


CONCENTRATOR 

EFFICIENCY 

(PERCENT)* 



SUN OFF-AXIS ANGLE (DEGREES) 



LIGHT SPREAD ANGLE FROM FACET (DEGREES) 


\ !l 

EFFICIENCY “ 

\i 

COMPUTED 

ON THIS 


AREA 


Effect un concentrator flying 
P.O.P. 

• Cosine 23.47® » 0.917 

• Concentrator efficiency at 
23.47® = 0.87 

Tlie product of the above is 
0.80 (this represents the 
solstice performance). 
Averaged over the year, a loss 
of approximately 9.5% results. 



* For **straight-beam, three-zone concentrator*” 
the curved-dish efficiency is estimated at 97%. 


Figure 3.3-66 Response of Faceted Concentrator to Solar Position 
(Geometric Efflciency, Reflectivity Not Included) 
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FRACTION OF INITIAL SPECULAR REFLECTIVITY 


sn leg 



YEARS OF GEOSYNCHRONOUS ORBIT EXPOSURE 

POTENTIAL IMPROVEMENT: SOLID ALUMINUM MIRRORS, POSSIBLY WITH 

VAPOR OEPOBITEO ALUMINUM SURFACE 


Figure 3.3-67 Plastic Film Performance: Radiation Degradation (From Project ‘Able’) 
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The baselined facet pointing system incorporates a swiveling detector tube mounted above the facet 
surface as illustrated in Figure 3.3-68. On either side of the central partition in the tube are mounted 
cuads of silicon detector cells. A modulated light source is provided at the cavity aperture; light is 
admitted to the upper detectors by a small aperture. The detector tube is driven until it is aligned 
with rays from the modulated light source. The lower silicon detectors respond to liglit reflected 
from the metallized surface of the facet. The facet is driven about the two axes as required to posi- 
tion the light spot from the facet on the center of the lower detector quad. Thus the reflected light 
from the facet is aimed at the cavity aperture. 

Two approaches are suggested for provision of a modulated light target at the cavity as illustrated 
in Figure 3.3-69. Both require some reflectivity from a high temperature surface. Redundant light 
sources can be used for reliability. 

The moments of inertia of the reflector facets are quite low. Thus for the baselined angular accelera- 
tion only two milliwatts of mechanical drive power suffices. Consequently a small area of solar 
cells located at the facet hub will suffice to power the facet. 

The drive mechanism should ideally have no bearings, friction, etc. Bimetallics are a potentially 
desirable solution. 

The following design assumptions were used; 

1. Facet drive requirement assumptions; 

a. Angular acceleration of 0.01 deg/sec“ 

(attains 0.1 deg/sec in 10 seconds) 

b. Maximum angular rate of 0.1 deg/sec 

2. Moments of inertia of facet are such that maximum angular acceleration can be provided in 
both axes with a mechanical power of less than 2.0 mW. 

3. Facet and detector tube drive plus logic circuit operation can probably be accomplished with 
less than 1 00 n.W. Thus, entire facet operation can be powered by a few solar ceils. 

4. Logic chip will probably be less complex that that of a pocket calculator. 
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• Silicon detectors can track a modulated light source across the sobr disk. 



Alignment sequence: 

1. Without cavity ligh* source, 
facet drive is commanded 
to end of travel (no power 
to cavity). 



When modulation of light 
source is as required, detector 
tube aligns witli light source. 

Facet drive system positions 
facet such that reflected rays 
from facet are aligned with 
detector tube axis and hence 
are aimed at cavity. 

If modulation is removed, 
logic causes facet drive to 
gimbal stop. 


Figure 3.3-68 Pointing the Facets 
±7° and ±1® Travel 
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Two approaches to providing a modulated light target: 



Figuie 3.3-69 Pointing the Facets: 
Additional Details 
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5. Facet and detector drive options; 

a. Bimetallic elements with controlled electric heaters 

b. Solenoids 

c. Motors with gear trains 

The primary circuit elements and their interrelationships are shown in Figure 3.3-70. A critical 
element is the output from the modulation detector which causes the facet to “look away” when 
modulation is not present upon the cavity light source. 

A possible approach to facet packaging for launch is illustrated in Figure 3.3-71 . The facet is folded 
three times and then rolled around the edge members. The radial arams, when folded, secure the 
detector tube for launch. 

3. 3.6. 4 Absorber Design 

A typical cavity absorber panel is shown in Figure 3.3-72; items such as turbomachines, recuperator/ 
coolers or NaK pumps are not shown. On the cavity interior side are mounted the heat absorber 
tubing loops which are heated by the concentrated solar radiation. Above the panel are four helium 
header tubes; these are provided with a meteroroid protection/insulation housing. The “skin” of the 
panel is multi-layer higli temperature, stabilized by a crisscross wire pattern. 

Figure 3.3-73 shows one of the 16 cavities which make up the 10 gigawatt ground output SPS. The 
cavity is supported by two 20-meter beam support arms and has beneath its aperture a light shield 
which prevents stray high concentration light from falling on the servicing areas associated with the 
turbo machines. Two turbo machines can be seen along with some of the helium manifolds. 

The dashed outline in Figure 3. .^-74 represents the cavity absorber. 64 meters in diameter at the 
aperture. 102 meters in diameter at the major section. Indication is given of the location of a single 
turbo-machine. Leading to the turbo machine is the hot manifold, that is. the manifold section which 
directs hot helium to the turbine inlet of the machine. Cooled helium from the radiator section 
enters the cold manifold and is routed to the header sections both above and below the central hot 
manifold as shown. On the right is shown a cross section of a panel a.ssembly with a cold and hot 
header exterior to the cavity and heat absorber tubing inside the cavity. 


306 



ORIGIN AJ^ PAGE IS 
OF POOR quality 


U) 

O 



Figure 3.3-70 Facet Electronics Block Diagram 
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Figure 3.3-73 Focal Point Asswnbly 


SPS«20 


DUCTING EXTERNAL 
TO CAVITY SHOWN 


“HEAOERS"- 


'•HOT*' MANIFOLD - 
(1617K) 


’‘COLD MANIFOLD*’ 
( 1108 K) 


Figure 3.3-74 Primary Heat Exchanger Layout (Simplified) 
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On the right of Figure 3.3-75 is shown an uninsulated helium duct that contains pressurized helium 
at 1608 Kelvin and 4.14 x 10^ N/M- (600 PSl). The interior diameter of the duct is one meter To 
withstand these conditions for 30 years requires > ^ressu^e shell thickness of 17 centimeters as 
shown. The resultant mass of a one meter length uus ducting is 5,630 kilograms. On the left is 
shown a insulated section to withstand similar conditions. That is, it is one meter in interior diameter 
with helium at the same temperatures and pressures. However, this system is insulated That is, 
there is an interior liner, then insulation (which could be columbium wool), followed by the outside 
pressure shell. This pressure shell need be only 2 3 centimeters thick to withstand the long term 
temperatures and ; -essures, since ic <^pcrates at only 1,200 Kelvin rather than the full 1608 Kelvin. 
Critical to this concept are vents in the interior liner. This allows helium to saturate the insulation. 
Without this, the interior pressure shell or the interior liner would feel the full pressure. With the 
vents, the helium pressure is transmitted through the insulation to the exterior pressure shell. 

Th'. engine configuration shown in Figure 3.3-76 was produced for the “Space-Based Power” study 
by the Garrett Corp. 

The second generation turbocompressor includes a sixteen stage axial compressor and a six stage 
axial turbine. The rotor is supported by hydrostatic gas journal bearings outboard of the aero- 
dynamic wheels and a hydrostatic gas thrust bearing between the turbine and compressor. An axial 
thrust balancing piston will be located between the compressor and turbine to limit the thrust loads 
and thus minimize the thrust bearing size and power loss. 

The ASTAR 81 IC turbine end structu.'^e is shown to include internal insulation which is required to 
reduce the unit mass. No insulation benefit is included in the total turbocompres.sor mass figure 
however. 

The . >erator/cooler package conceptual design shown in Figure 3.3-77 was also developed by 
the C Corp. 

The plate-fm pure counterflow recuperator and finned tube cross counterflow gas to NaK cooler 
are composed of multiple modules contained within two pressure vessels for each 300 MW engine 
module. The recuperator/ cooler module at right shows the compressor discharge tlov.' entering the 
package at the top and being distributed to the recuperator modules. The cold exhau. * tlowofthe 
cooler is directed around the u'ntamment pressure vessel to limit the vessel pressure and tempera- 
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Figure 3.3-7S HeUum Duct Comparison 
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Figure 3.3-76 Second Generation Turbocompressor Layout 
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Figure 3.3*77 Recuperator/Cooler Package For Powersat 
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3. 3.6. 5 Cavity Heat Absorber Analysis 

An analysis of cavity heat absorber mass characteristics was performed to support the thermal 
engine cycle option mass screening test. Figure 3.3-78 shows the cavity absorber model utilized to 
predict heat flux incident on absorber tubes. Independent variables affecting tube flux were 
geometric concentration ratio, tube wall temperature, concentration efficiency, N^, and the ratio of 
cavity wall area to aperture area. 

Saturation pressure - temperature characteristics of several candidate Rankine working fluids are 
compared in Figure 3.3-79. This comparison illustrates the high vapor pressures which are character- 
istic of water and the boiling temperature limit of 650°K. At temperatures below 650°K the vapor 
pressure ol water is about four orders of magnitude greater than that of cesium, rubidium or potas- 
sium. 


Rankine-cycle cavity heat absorbers have four zones in which distinctly different heat transfer 
phenomena exist. Fluid entenng the heal absorber is in the subcooled state and heat transfer can 
be described by conventional liquid forced-conveslion models. When the liquid tempeiature 
approaches the saturation value, vapor bubbles form at the tube wail and the nucleate boiling zone 
is entered. The mass of vapor increases in the How direction and, when approximately 60 to 80*T of 
the liquid has been vaporized, the tube wall is no longer wetted by a continuous film of liquid. 
Instead, the remaining liquid exists as droplets borne along by the flowing vapor. This heat transfer 
regime is referred to at the liquid-deficient regime and heat transfer is described conservatively by 
gas forced-convection models. The mixture average temperature remains slightly above the satura- 
tion value until all the liquid is evaporated. This marks the entrance to the superheat region in 
which this fluid is completeh vaporized. 


Deselopment of a model for predicting heat absorber mass required an analysis of heat transfer 
between the fluid and containment tube walls. Power absorbed by the fluid in each zone of the 
absorber was determined by the expression. 


Q = 
Q = 

where Q = 
m = 

AT = 
AX = 
hfg = 


mCpAT 


mA.\hfg 


single phase fluid flow 
boiling or liquid dificient regime 


power transferred to fluid 

fluid mass flow rate in all tubers 

specific heat of fluid 

temperature increase of fluid 

increase in mass fraction of vaporized liquid 

heat of vaporization 
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Figure 3.3-78 Cavity Heat Absorber Flux Model 
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Tube wall temperature was determined by the expression: 


Twall= "Tf 
h 

where ql = local net radiative heat flux on tube outer wall (see Figure 
h = heat transfer coefficient between tube inner wall and fluid 
Tf = local fluid bulk temperature 

Values of convective boiling heat transfer coefficient for potassium and water are shown in Figure 
3.3-80 and 3.3-81. TTie range of values for potassium, based on experimental data, is between 15 and 
60 kw/m--°K while average boiling heat transfer coefficients ranged from 15 to 35 kw/m'-^^K. 
Tube wall temperature, along with fluid pressure v.»re used in a thick-wall tube stress model to 
determine wall thickness for 30 year life. .Absorber tube lengths required in each heat transfer zone 
were calculated from the equation: 


L = Q 

qirrDNt 

where D = internal diameter of absorber tubes 
Nj = total number of parallel flow tubes 

Fluid and tube wall temperature profiles in potassium and water heat absorbers are shown in 
Figures 3.3-82 and 3.3-83. Major differences between the potassium and water temperature profiles 
were the longer tube length required for boiling and liquid-deficient heat transfer in the potassium 
heat absorber and the higher average wall temperature. Details of heat absorbers for four thermal 
engine cycle options are compared with the Brayton baseline heat absorber in Table 3.3-1 1. The 
Brayton baseline heat absorber design incorporated 10 to 20 times more tubes than the Rankine 
cycle absorbers however the tubes were much shorter. 
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Figure 3.3-80 Average Boiling Heat Transfer Coefficients For Potassium 
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Figure 3.3-81 Average Boiling Heat Transfer Coefficients For Water 
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Figure 3.3-82 Fluid and Tube Wall Temperature Profiles Along Potassium Heat Absorbers 


(PttM 


TEMPERATURE 


OK 



DISTANCE ALONG HEAT ABSORBER TUBE~M 


Figure 3.3-83 Fluid and Tube Wall Temperature Profiles Along Water Heat Absorbers 
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Table 3.3-1 1 Heat Absorber Comparison 
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3.3.7 Thermal Engine Structures Analysis 

The thermal engine systems utilized the same main structure beams as designed for photovoltaics 
(section 3.2.6). Since internal material stretching loads were not present, design loading conditions 
were not identified except for one condition appearing in the self-powered orbit transfer situation. 
Figure 3.3-84 shows an end view of one module of a 16 module SPS. After construction in low 
earth orbit, electric thrust is applied to accelerate the module. The thrust is shown here as being 
applied at each side and directed upward. This is merely one of the orientations which the thrust 
will take as the module rotates about the earth. However, in this orientation the thrust will tend to 
buckle the 20 meter beam support arms. Analysis of the resultant loads as shown that the beam sup- 
port arms have a factor of safety more than 2 for this condition. 

3.3.8 Thermal Engine .Mass Properties 

Thermal engine mass properties analyses concentrated on the radiator as the most massive system 
element. Mass estimating was performed pnmarily on a parametric basis. 

Figure 3.3-85 shows a breakdown of the mass of all of the radiators in a 10 gigawatt ground output 
Brayton SPS. i.e.. the mass of all 64 radiators for 64 turbomachine sets. The dominant element is 
the panels, heatpipes plus through-pipes, shown here without the water which fills the heatpipes. 
Next in order of significance is the NaK (sodium-potassium r'utectic) which fills the through-pipes, 
headers and manifolds. Finally, the water manifolds, pumps, etc., which form a relatively small 
portion of the overall system mass. 

The pumps include a redundant set for both the hot and tlie cold (or return) sides. That is. each 
pump has a redundant or matching pump to reduce the time between servicing periods on the pump 
set. 

Figure 3.3-86 mass statement is for a 10 gigawatt ground output Brayton SPS. Note that the radi- 
ator system dominates, approximately 31 mill-on kilograms out of the total of approximately 80 
million kilograms. Elements such as the structure, turbo machines, cavities, etc., are relatively light. 
The mass of the facets includes the structure to tension the plastic film supported, etc. Thus, the 
structural mass of the satellite is truly the sum of the mass given here under structure, plus much of 
the mass given under facets. 

Figure 3.3-87 presents the mass statement for the comparable potassium Rankinc SPS. 
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Figure 3.3-84 Impact of LEO Assembly on Thermal Engine SPS Gravity Gradient Forces 
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ITEM 

6 X 20 m PANELS. WITH WATER* 19.296 

MANIFOLDS 

"K'T~* 0.166 

COLD"* 0.276 
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“HOT"* 0.172 

"COLD"* 0.040 

PUMPS/MOTORS "HOT" 0 211 

•XOLD" 0.150 

ISOLATION VALVES 0.148 

ACCUMULATORS 0.056 

METEOROID BUMPERS 0.096 

NaK INVENTORY 10.134 

DUCT MOUNTS 0.039 

INSULATION FOR ADJACENT STRUCTURE 


TOTAL/SPS 30.961 


*MINIMUM FACTOR OF SAFETY OF IS 


(INCLUDES REDUNDANT SETI 
(INCLUDES REDUNDANT SET) 



Figure 3.3-85 Radiator Mass Breakdown-Brayton SPS 
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Figure 3.3-86 Brayton SPS Mass Statement 
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Figure 3.3-87 Preliminary Rankine Mass Statement ( 1 65K Turbine Temperature) 
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3.3.9 Thennal Engine SPS Packaging 

Components of thennal engine satellites have been found to be relatively low in density with the 
exception of a few components. The major components, density and number of flights required 
with the initial packaging approach (initial design and no component mixing) and the number 
required for a mass limited condition (82 million kg satellite excluding MPTS) is shown in Table 
3.3-12. 

The dominating feature ol this data ib that the number of flights re-ulting from initial packaging 
densities exceed a mass limited pack:iging case by over 4(X). Fu.’-ther ins{>ection indicates the biggest 
gain in reducing the acruai number of flights can be obtained by further investigation of the radiator 
panel/healer components Consequently, the following design modifications were incorporat'd: 

a. Removal of tiie bulky meteoroid bumpers from the NaK throughpipcs of the radiator panels: 
the heat pipes which wrap around the tiiroughpipes provide sufficient protection. 

b. Change of the retleclor facet edge members to a design which flattens for packaging i Figure 
3.3-88). 

c .Vlodification of the radiator panels to not incorporate pre-attached headers. 

As a result of these modifications the number of (lights was reduced from over 635 to 420. 

Since 420 (lights is stiil more tha.n two hundred over the mass limited condition, an additional 
approach was taken to reducing the number of (lights. This was to include more than one type of 
component in each launch. The result o' this approach was to reduce the number of flights to 237. 
Included in this quantity were 1 4 expendable shroud flights to accommodate very low density 
components. Use of recoverable shrouds for these tlights would have required 28 flights instead of 
14 and resulted in a cost penalty of over S60 million as compared to expending shrouds. A graphical 
representation of the change in number of flights and the number of flights with multiple 
component types is shown in Figure 3.3-89 

Payload shroud volume utilization for the thermal engine satellite is generally greater than 90^ 
since the majority o the volume was required to reach a mass limited condition. 

As a final note on thermal engine satellite packaging, it should be stated that although the number 
of flights exceeded the mass limited number of flights by 28 ( 1 3%) it is assumed with further design 
and packaging analysis the number of flights can reach a mass limited condition 
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Table 3.3-1 2 Thennal Engine Payload Packaging-One Component Type per Launch 


[l> RECOVERABLE SHROUD ALLOWS 70 KG/M^ 


COMPONENT 

TYPE 

PACKAGE 

DENSITY 

IKG/m3) 

LAUNCH LIMIT 

EST.Na 
OF FLK91TS 


VOLUME 

BEAMS 


mu 



20 METER 

850 



4 

5 METER 

TBD 




1.5 METER 

TBO 




FACETS 


■ 



HUB/RAOIALS 

S 


K 

97 

EOGE/PLASTiC 

30 


r 

21 

RADIATORS 


■ 

/ 


PANELS/HEADERS 

40 
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MANIFOLDS 

35 



y 

7 

NAK 

900 



59 

CAVITY 


WM 

/ 


BASIC PANELS 

55 



y. 

22 

RECUPERATOR 

65 



Y 

43 

TURBINE 

145 


-/ 

21 

OTHER 

30 

■■ 

r 

26 


TOTAL FLIGHTS (ONE COMPONENT TYPE' 632 


FLIGHT QUANTITY IF MASS LIMITED 206 


328 
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NEW EDGE MEMBER (OPERATION) 

Figure 3 3-88 Facet Changes for Higher Packing Density 
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3.3.10 Themial Engine Reliability and Maintenance 

3.3.10.1 Turbomachine Experience 

Inspection and maintenance procedures for central power generation station and i.iarine steam tur- 
bines in the 300 \iW si/e range are well established. Frequency of inspection is dependent on the 
type of service experienced by the turbine. For the case of turbines in continuous service the 
normal inspection period is 5 years. Turbines subjected to intermittent service require more fre- 
quent inspections due to greater blade and bearing wear during start and stop transients. Downtime 
for inspection and preventative maintenance is approximately 5 to 6 weeks with a cost of S300,(K)0 
to S400.000. 

Steam turbine blade life, based on General Electric field service experience is up to 30 years for 
condensing turbines and greater than 30 years for noncx>ndensing turbines. Blade replacement costs 
are greatest for the lower pressure stages where wheel diameter and blade length are greatest. 

• Re-blading cost 

Last stage: $200,000 to $300,000 plus labor 
High-pressure stages $80,000 to $ 1 00.000 plus labor 

In addition to longer blade life, noncondensing turbines allow higher wheel speeds with resulting 
improved efficiency and relaxed turbine mounting frame stiffness and alignment requirements. 

3.3.10.2 Failure Rate and Maintenance Requirement Estimates 

Failure rates and maintenance requirements for thermal engines appear acceptable (MTBF’s are 
much shorter, but the number of compc lents is proportionately smaller!, except for leakage of 
fluid systems. 

Fluid leakage in NaK systems may be a problem unless leakage MTBF’s much lower than repre- 
sentative industry experience can be obtained. This indicates a need fora technology advancement 
program to develop fhe necessary joint reliability. NaK leakage data were primarily from experi- 
mental hardware and probably rctlect technical immaturity. Results are summarized in Table 
3.3-13. A summary of source data is provided in Table 3.3-14. 
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Table 3.3-1 3 Failure Rate and Mabttenance Requirement Estimates 
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QUANTITY pA.tuAiOA 

IOUIAM6NT NOMf NCLATUAB p R S At SCMEDULeD MAINT. *^*<*^^* CONCEAT MAINT. EQUIA. 


2.0 AOW6R OEN. ICONT.) 



AEOAIA 

RATE 


2.2 CAVITY AMOR2BR ANL 


2.2.1 INSULATION 


2.2.2 OUCTINO JOINTS 


2.2.3 AtSOROANT 


3.3 TURBINE MACH. 


3.3.1 A 

2.3a TURBINE A COMA. 


3.3.3 GENERATOR 


3.3.4 A 

3.3.E RE CUA^COOLE R 


3.3.6 BYA ASS R SO. VALVE 



RSAAIR OR BEAM WALKER REAAIR BOUIA. A *3.121110* 3ii10* SatalO^ 

REALACt OR ARBB ALTER BAARBB IN ORBIT 


REAAIR IN ALACS BEAM WALKER BAARBB iN 

OR REMOVE A OR ARIf ALTER ORBIT 
RSALACE 


•3.13a10*| (2 .Bb10*> ||2.Bii10^ 


•3.12B10* B*10^ B*10^ 

•3.12B10* 3 32«10* laSilO** 

•3.13ii10* B,2B«10^ 1.03»10"* 

•3.ia«10* 1.06R10* B.ISalO^ 


nOENB. 

OOWN 




















333 


Table 3.3-13 (Continued) 
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Table 3.3*1 3 (Continued) 
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Table 3.3-1 3 (Continued) 
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Tabk 3.3-14 Source Data-Failure Rate and Maintenance Requirement Estimates 


THERfVU CYCLE SOLAR POIJPP SATELLITE 



MTBF (MRS) 

FAIL/10® 
OPER HRS 

ENVIRO 

ADJ FAC 

ADJ VALUE 
FAIL/1 0°HRS 

MTTR 

SOURCE 

FACET POINTING 








ALIGNMENT 








LASAR 

400 

2500 

SPC 

NONE 

2500 


L460-77-3 

PRISM CAVITY, CERAMIC 








ERROR DETECTOR 








TUOES, METAL 

476,190 

2.1 

GNO 

2 

1 .05 


RADC-TR-75-22 PG 2-101 

SENSORS, SILICON 
SOLAR CELL 

- 

.002 

SPC 

NONE 

.002 


D180-I8389-1, PG 69 

INTEGRATED CIRCUITS 
(500G) 

285,714 

3.5 

SPC 

NONE 

3.5 


THERMOELECTRIC OUTER 
PLANETS SPACECRAFT,* 

POWER SOURCE 








SOLAR CELL ARRAYS 

R=. 99984 


SPC 




02-114080-1, PG 19 

REGULATORS 

555.556 

1 .80 

CMP lab 

NONE 

1 .80 


D2-A6M12101-1 

ACTUATORS 








DRIVER AMPLl SOLID 
STATE (DETECTOR TURE) 

1 ,000,000 

1 .0 

SPC 

NONE 

1 .0 


MDFR-0674, PG 65 

DRIVER AMPLl SOLID 
STATE (FACETS) 

1 ,000,000 

1.0 

SPC 

NONE 

1.0 


MDFR-0674, PG 65 

ACTUATORS- BI METALLIC 
ELECT (DETECTOR TUBE) 

6250 

160.0 

ACFT-FLT 

40 

4.0 


FRD VOL I, PG 3 

ACTUATORS-RI METALLIC 
(FACETS) 

6250 

160.0 

ACFT-FLT 

40 

A.O 


FRD VOL I, PG 3 


*28 SEP 71 
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Table 3.3-14 (Continued) 


THERMAL CYCLE SOLAR POWER SATELLITE 



MTBF (HRS) 

FAIL/1 0^ 
OPER HRS 

ENVIRO 

ADJ FAC 

ADJ VAuUF 
FAIL/10°HR 

MTTR 

SOURCE 

FACETS 

FILM, REFLECTIVE 
ERAME 

PIVOT ASSY 
INSULATION 
DUCTING 

16,667 

60 

ACFT-FLl 

3n 

2.0 


RADC-TR-75-22, P6 2-96 

ARSORBANT 
TURBO MACHINERY 
AIR TURBINE 

5,000 

200 

GND 

4 

50.0 


LMEC 69-7 VOL I, TABLE 

COMPRESSOR 
GENERATOR (STD 

83,333 

12 

GNU 

4 

3.0 


1 -35, PG 428 
RADC-TR-75-22, PG 2-176 

ALTENATOR) 

(40,000v) 

ELECT ALIX PUR UNITS 

51 ,867 

lt'.28 

SUP 

20 

.96 


FRD VOL T, PG 235 

ELECT MOTORS 

8,0n0 

125 

GND 

} 

41 .67 


LMEC 69-7 VOL I, PG 1-82 

PUMPS (GAS) 

40,000 

25 

GND 

2 

12.5 


RAHC-TR-75-22, PG 2-193 
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Table 3.3-14 (Continued) 


THERMAL CYCLE SOLAR POWER SATELLITE 



MTBF (HRS) 

FAIL/10® 
OPER HRS 

ENVIRO 

ADJ FAC 

ADJ VALUE 
FAIL/ 10® HRS 

MTTR 

SOURCE 

HEAT TRANSFER 








CONDENSOR (COOLER) 

8,000 

125 

GNO 

2 

62.5 


LMEC 69-7 VOLI, TABLE 1-74 
PG 1-85 

a CTING (STAINLESS 
STEEL) 500-600 PSI 

16,667 

60 

ACFT-FLT 

30 

2.0 


RADC-TR-75-22, PG 2-96 

JOINTS, WELDED 

- 

•.ooo*- 

CMP LAB 

NONE 

.0005 


D2 AGM 12101-1, PG 38 

VALVE, REGULATOR 

3,47,2 

288 

ACFT-FLT 

40 

7.2 


FRO VOLI, PG 437 

THERMAL CONTROL PWR GEN 
THERMAL CYCLE 








PUMP SUB SYS 








PUMP. LIQUID SODIUM 

5,000 

200 

GND 

2 

100.0 


LMEC 69-7 VOLI, TABLE 1-100 
PG 1-263 

CONTROLS 

4,762 

210 

GNO 

4 

52.5 


LMEC 69-7 VOLI, TABLE 1-434 
PG 1-445 

TEMP SENSOR 

6,711 

148 

GNO 

6 

24.67 


LMEC 69-7 VOL I, TABLE 1-161 
PG 1-491 

SERVO MOTOR 
CONTROL 

1,250,000 

oo 

o 

GND 

11 

.07 


RAOC-TR-75-22, PG 2-170 

MOTOR ELECT DRIVE 

8,000 

125 

GND 

6 

20.83 


LMEC 69-7 VOL I. TABLE 1-34 
PG 1-82 
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Table 3.3-14 

THERMAL CYCLE SOLAR 



MTBF (HRS) 

FAIL/10^ 
OPER !!RS 

— 

ENVIRO 

MANIFOLD SUB SYS 




DUCTING (15-20 PSI) 

166,667 

60 

ACFT-FLT 

RADIATOR PANELS 




VALVES, SODIUM 

8,333 

120 

GND 

DUCTS, NA-K 

7,500 

133.33 

GND 


HEAT PIPE 


30,000 


33.33 


GND 






